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SUMMARY 
U n t i l r e c e n t l y a b a s i c a s s u m p t i o n i n methods of a n a l y s i s and 
s y n t h e s i s of s to rm h y d r o g r a p h s h a s been t h a t t h e w a t e r s h e d was a l i n e a r 
sy s t em. H y d r o l o g i s t s have long r e a l i z e d t h a t t h e v a r i o u s flow phenomena 
which occur i n t h e w a t e r s h e d and which d e t e r m i n e t h e hyd rog raph shape 
a r e n o n = l i n e a r . However, t h e c o m p l e x i t y of n o n - l i n e a r methods of 
a n a l y s i s , a s w e l l a s o t h e r f a c t o r s , h a s hampered t h e deve lopmen t of non­
l i n e a r h y d r o g r a p h t e c h n i q u e s . L a t e l y , however , n o n - l i n e a r methods have 
begun t o draw a t t e n t i o n . W. M. S n y d e r , W. C. M i l l s , and J . C. S t e p h e n s 
have d e v e l o p e d a n o n - l i n e a r t e c h n i q u e which t a k e s i n t o a c c o u n t n o n - l i n ­
e a r i t y w i t h i n a s to rm e v e n t , a s w e l l a s d i f f e r e n c e s i n r e s p o n s e be tween 
s t o r m s . T h i s t e c h n i q u e , which r e t a i n s t h e o p e r a t i o n of s u p e r p o s i t i o n 
a s s o c i a t e d w i t h l i n e a r p r o c e s s e s , has been used s u c c e s s f u l l y on C o a s t a l 
P l a i n w a t e r s h e d s . The u s e f u l n e s s of t h i s t e c h n i q u e i s f u r t h e r e x e m p l i ­
f i ed by t h i s s t u d y of some f o r e s t e d w a t e r s h e d s of t h e T e n n e s s e e V a l l e y . 
N o n - l i n e a r r e s p o n s e s a r e shown t o e x i s t t o some e x t e n t fo r a l l 
o b s e r v e d e v e n t s . R e s p o n s e s a r e no t o n l y n o n - l i n e a r b u t a l s o e r r a t i c . 
The l a c k of c o n s i s t e n c y of r e s u l t s makes c o r r e l a t i o n of t h e r e s u l t s w i t h 
w a t e r s h e d c h a r a c t e r i s t i c s d i f f i c u l t w i t h l i m i t e d d a t a . However, a few 
n o t e w o r t h y c o n c l u s i o n s can be made. 
The t r a d i t i o n a l t i m e - a r e a c u r v e s d e r i v e d from t o p o g r a p h i c maps 
a r e shown t o d i f f e r from t h e c h a r a c t e r i s t i c f u n c t i o n s d e r i v e d from t h e 
o b s e r v e d h y d r o g r a p h s . The r e s u l t of lower u n i t - h y d r o g r a p h peak f lows for 
lower i n t e n s i t i e s of r a i n f a l l i s a l s o shown. 
A computer program which f i n d s optimum v a l u e s of t h e model 
p a r a m e t e r s d i d n o t work e n t i r e l y s a t i s f a c t o r i l y i n t h i s s t u d y . S e v e r a l 
f a i l u r e s t o p r o d u c e e n t i r e l y c r e d i b l e r e s u l t s i n d i c a t e s t h a t t h e com­
p u t e r program may need t o be r e f i n e d „ The need fo r f u r t h e r d a t a 




For many y e a r s t h e b a s i s fo r a n a l y z i n g and s i m u l a t i n g s torm 
h y d r o g r a p h s h a s been t h e a s s u m p t i o n t h a t t h e h y d r o g r a p h i s a l i n e a r , 
t i m e - i n v a r i a n t r e s p o n s e of a w a t e r s h e d t o t h e i n p u t of s to rm r a i n f a l l . 
M a t h e m a t i c a l l y , a l i n e a r , t i m e - i n v a r i a n t r e s p o n s e i s a r e s p o n s e which 
can be e x p r e s s e d by a l i n e a r d i f f e r e n t i a l e q u a t i o n i n which t i m e d o e s 
no t appea r a s a c o e f f i c i e n t o In p h y s i c a l t e r m s , a l i n e a r r e s p o n s e i s 
one i n which t h e o u t p u t ( s t r e a m f l o w ) i s a s i m p l e l i n e a r r e s u l t of t h e 
i n p u t ( r a i n f a l l ) c I n a l i n e a r sys tem t h e o u t p u t from x u n i t s of i n p u t 
i s x t i m e s t h e o u t p u t from one u n i t of i n p u t . Time i n v a r i a n c e s imp ly 
means t h a t t h e i n p u t - o u t p u t r e l a t i o n s h i p d o e s no t change over t i m e . 
These p r i n c i p l e s were a d o p t e d by Sherman [ 1 9 3 2 ] * when he 
i n t r o d u c e d u n i t ° g r a p h m e t h o d s . The u n i t - g r a p h p r o c e d u r e s assume t h a t 
t h e r e i s a c h a r a c t e r i s t i c t ime d i s t r i b u t i o n of r u n o f f from an i n c r e ­
men ta l r a i n f a l l which i s d e p e n d e n t o n l y upon w a t e r s h e d c h a r a c t e r i s t i c s . 
The a s s u m p t i o n of l i n e a r i t y makes i t p o s s i b l e t o m u l t i p l y , o f f s e t , and 
add o r d i n a t e s of a u n i t g r a p h t o o b t a i n o t h e r h y d r o g r a p h s . T h i s w e l l 
known and u s e f u l o p e r a t i o n , known a s s u p e r p o s i t i o n , i s p e r h a p s t h e 
fo remos t r e a s o n t h a t u n i t - g r a p h methods have been so g r e a t l y d e v e l o p e d 
and e x t e n s i v e l y used i n s p i t e of t h e q u e s t i o n a b l e a s s u m p t i o n of l i n ­
e a r i t y . 
R e f e r s t o r e f e r e n c e l i s t e d i n Appendix C, 
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H y d r o l o g i c a l l y , t h i s a s s u m p t i o n of l i n e a r i t y of r e s p o n s e means 
t h a t a l l i n c r e m e n t a l i n p u t s of e f f e c t i v e r a i n f a l l a r e c o l l e c t e d and 
p a s s e d ou t of t h e w a t e r s h e d i n a way which i s u n i q u e and i n d e p e n d e n t 
of t h e v a r y i n g w e t n e s s and s u r f a c e c o n d i t i o n s of t h e w a t e r s h e d and 
a l l a s p e c t s of t h e r a i n f a l l e v e n t i t s e l f . S p e c i f i c a l l y , i f a w a t e r ­
shed i s a l i n e a r sy s t em, w a t e r s t o r e d i n t h e w a t e r s h e d must be l i n e a r l y 
r e l a t e d t o t h e o u t f l o w and t h e v e l o c i t y of t h e flow i n t h e c h a n n e l s 
must be c o n s t a n t fo r a l l f l o w s . T h e s e c o n d i t i o n s seldom a p p l y t o r e a l 
wa te r sheds , , When one c o n s i d e r s t h e v a r i a t i o n s i n v e l o c i t y of s u r f a c e 
f l o w and c h a n n e l f low, a s w e l l a s t h e p r o b a b l e n o n - l i n e a r r e l a t i o n s h i p 
be tween s t o r a g e and o u t f l o w , t h e c o n c e p t of l i n e a r i t y of r e s p o n s e 
a p p e a r s q u e s t i o n a b l e , , 
In s p i t e of t h e s e n o n - l i n e a r phenomena which d e t e r m i n e t h e h y d r o -
g r a p h t h e r e a r e some good r e a s o n s why l i n e a r u n i t - g r a p h p r o c e d u r e s have 
been a c c e p t e d and why t h e y i n d e e d work so w e l l . F i r s t , b e f o r e t h e 
a d v e n t of t h e h i g h speed d i g i t a l compu te r , n o n - l i n e a r a p p r o a c h e s would 
have been e x t r e m e l y d i f f i c u l t i f n o t i m p o s s i b l e . S i m p l e u n i t - g r a p h 
c o n v o l u t i o n was t e d i o u s enough . Second , p e r h a p s v a r i o u s n o n - l i n e a r 
phenomena t e n d t o c a n c e l each o t h e r and make t h e r e s p o n s e a p p e a r l i n e a r . 
For example , i n c r e a s e d flow v e l o c i t i e s r e s u l t i n g from l a r g e r s t o r m s may 
have t h e e f f e c t of i n c r e a s i n g t h e peak flow and r e d u c i n g t h e t i m e t o 
peako S imul t aneous ly^ , t h e f a c t t h a t g r e a t e r p e r c e n t a g e s of t h e t o t a l 
r u n o f f a r e g e n e r a t e d i n r emo te p o r t i o n s of t h e w a t e r s h e d cou ld e f f e c t 
t h e shape of t h e h y d r o g r a p h i n an o p p o s i t e manner 0 The n e t r e s u l t would 
be t h a t t h e u n i t h y d r o g r a p h of t h e l a r g e r s to rm would have n e a r l y t h e 
same shape a s t h e u n i t h y d r o g r a p h from t h e s m a l l e r o n e 0 A t h i r d r e a s o n 
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f o r t h e a c c e p t a n c e o f t h e l i n e a r a p p r o a c h e s o f h y d r o g r a p h a n a l y s i s i s 
t h a t n o n - l i n e a r i t i e s a r e a b s o r b e d b y t h e p r o c e d u r e s u s e d t o s e p a r a t e 
b a s e f l o w f r o m t h e t o t a l h y d r o g r a p h and i n f i l t r a t i o n f r o m t h e t o t a l 
r a i n fa l lc I n u s i n g u n i t - g r a p h p r o c e d u r e s o n e i s t r y i n g t o f i t a 
l i n e a r r e s p o n s e t o i n p u t a n d o u t p u t w h i c h h a s a l r e a d y b e e n a l t e r e d b y 
n o n < = l i n e a r o p e r a t i o n s . F i n a l l y , t h e d e g r e e o f n o n - l i n e a r i t y may b e so 
s m a l l t h a t d e v i a t i o n s c a u s e d b y a s s u m i n g t h a t t h e r e s p o n s e i s l i n e a r 
a r e s m a l l w h e n c o m p a r e d w i t h d e v i a t i o n s c a u s e d b y r a n d o m v a r i a t i o n s 
i n t h e r a i n f a l l p a t t e r n s . 
A l t h o u g h t h e t r a d i t i o n a l l i n e a r u n i t - h y d r o g r a p h p r o c e d u r e s haVe 
b e e n s u c c e s s f u l , h y d r o l o g i s t s h a v e e x p r e s s e d t h e n e e d f o r a m o r e g e n e r a l 
r e s p o n s e f o r m w h i c h c o u l d t a k e n o n - l i n e a r i t i e s and t i m e v a r i a t i o n s i n t o 
a c c o u n t . M a t h e m a t i c a l a n d c o n c e p t u a l m o d e l s h a v e b e e n d e v e l o p e d t o 
e x p r e s s n o n = l i n e a r w a t e r s h e d r e s p o n s e s . T h e s e h a v e d e p e n d e d o n t r i a l 
a n d e r r o r s o l u t i o n s and h a v e b e e n , t o some e x t e n t , e m p i r i c a l . W h a t h a s 
b e e n l a c k i n g i s a g e n e r a l i z e d , n o n « l i n e a r a n a l y t i c a l t e c h n i q u e . One 
s u c h a n a l y t i c a l t o o l h a s b e e n d e v e l o p e d b y W. M. S n y d e r e t a l . [ 1 9 6 9 ] . 
I n t h e i r i n t r o d u c t o r y w o r k , t h e t e c h n i q u e w a s s h o w n t o w o r k s u c c e s s f u l l y 
o n a g r i c u l t u r a l C o a s t a l P l a i n w a t e r s h e d s . 
T h e p u r p o s e o f t h i s s t u d y i s t o a n a l y z e h y d r o g r a p h s i n o r d e r t o 
d e t e c t a n d e x p l a i n o c c u r r e n c e s o f n o n - l i n e a r i t y i n t h e r e s p o n s e s o f 
w a t e r s h e d s i n t h e s o u t h e r n U n i t e d S t a t e s . T h e u l t i m a t e g o a l i s t o 
r e l a t e w a t e r s h e d c h a r a c t e r i s t i c s t o v a l u e s o f p a r a m e t e r s d e r i v e d f r o m 
t h e a n a l y s i s . 
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CHAPTER I I 
CURRENT DEVELOPMENTS IN HYDROGRAPH ANALYSIS 
L i n e a r Models 
The d e v e l o p m e n t of methods of h y d r o g r a p h a n a l y s i s h a s been 
i n f l u e n c e d by t h e sys t ems a p p r o a c h b e i n g a p p l i e d t o h y d r o l o g i c p r o b ­
lems,, However^ even b e f o r e t h e t e r m i n o l o g y and p h i l o s o p h y of sy s t ems 
a n a l y s i s , h y d r o l o g i s t s e s t a b l i s h e d c o n c e p t u a l models of t h e w a t e r s h e d . 
These e a r l y mode l s r e c o g n i z e d t h a t t h e w a t e r s h e d mechanism c o n s i s t s 
of two d i s t i n c t o p e r a t i o n s . F i r s t t h e w a t e r s h e d i s a t r a n s p o r t d e v i c e . 
R a i n f a l l o c c u r r i n g on t h e w a t e r s h e d f lows ove r t h e s u r f a c e , i n t o 
s t r e a m s , and f i n a l l y i n t o t h e main .channel and o u t of t h e w a t e r s h e d . 
The w a t e r s h e d i n t e r c e p t s r a i n f a l l which i s fed i n t o t h e c h a n n e l s which 
a c t a s conveyorSo B e s i d e s f u n c t i o n i n g a s a c o l l e c t i o n and t r a n s p o r t 
sys tem t h e w a t e r s h e d i s a s t o r a g e d e v i c e . Ra in f a l l i n g on t h e w a t e r s h e d 
f i l l s t h e c h a n n e l s and s u r f a c e r e t e n t i o n a r e a s 0 S t r e a m f l o w r e s u l t s from 
d e p l e t i o n from t h i s s t o r a g e , , 
Of c o u r s e , i t i s p h y s i c a l l y i m p o s s i b l e t o s e p a r a t e s t o r a g e and 
t r a n s p o r t i n a r e a l w a t e r s h e d . A l l w a t e r f a l l i n g on a w a t e r s h e d i s 
b o t h s t o r e d and t r a n s p o r t e d . The r e l a t i v e e f f e c t s t h a t t h e s e two p h e ­
nomena have on t h e shape of t h e h y d r o g r a p h v a r y d u r i n g t h e p r o g r e s s of 
an e v e n t and depend on w a t e r s h e d c h a r a c t e r i s t i c s . The t r e a t i n g of s t o r a g e 
and t r a n s p o r t a s d i s c r e t e o p e r a t i o n s i s m e r e l y a c o n c e p t u a l and m a t h e ­
m a t i c a l c o n v e n i e n c e . 
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The c o n v e r s i o n of t h e i n p u t of s torm r a i n f a l l t o t h e o u t p u t of 
s t r e a m f l o w h a s been h a n d l e d by t h e s e two model e l e m e n t s — a s t o r a g e 
w i t h a r e l e a s e mechanism t h a t r e l e a s e s w a t e r a t a r a t e p r o p o r t i o n a l t o 
t h e amount i n s t o r a g e and a t r a n s p o r t mechanism. These two e l e m e n t s 
have been pu t t o g e t h e r i n v a r i o u s ways t o c r e a t e w a t e r s h e d m o d e l s . 
Some of t h e s e mode l s a r e i l l u s t r a t e d i n F i g u r e 1. These c o n c e p t u a l 
models have been l i n e a r . T h a t i s , t h e r a t e of t h e t r a n s p o r t h a s been 
c o n s t a n t fo r a l l f lows and t h e s t o r a g e h a s been a l i n e a r f u n c t i o n of 
t h e o u t f l o w . These models a r e w e l l d e s c r i b e d by van de Leur [1966]= 
The e a r l i e s t of t h e s e c o n c e p t u a l h y d r o g r a p h mode l s was deve loped 
by Zpch [ 1 9 3 6 ] , In t h i s model Zoch r o u t e d an i n p u t d i s t r i b u t e d i n t i m e 
t h r o u g h a s i n g l e s i m p l e r e s e r v o i r . I t i s a p p a r e n t t h a t w a t e r go ing 
t h r o u g h a w a t e r s h e d p a s s e s t h r o u g h many d i f f e r e n t t y p e s of s t o r a g e . I f 
t h e s t o r a g e s a r e l i n e a r t h e y may be lumped and t h e i r e f f e c t r e p r e s e n t e d 
by a s i n g l e s t o r a g e . TJSis i s what Zoch d i d . He r o u t e d t r i a n g u l a r , 
r e c t a n g u l a r , and e l l i p t i c a l s h a p e s t h r o u g h h i s s i n g l e l i n e a r s t o r a g e . 
C l a r k [ 1 9 4 5 ] used much t h e same model b u t used an augmented form 
of a t i m e = a r e a c o n c e n t r a t i o n g r a p h of t h e w a t e r s h e d a s t h e i n p u t t o t h e 
s t o r a g e . The s t o r a g e mechanism C l a r k t o o k t o be channe l s t o r a g e . Zoch 
c o n s i d e r e d t h e s o i l t o be t h e s t o r a g e r e s e r v o i r . C l a r k ' s model i s s i g ­
n i f i c a n t fo r b r i n g i n g o u t t h e u s e f u l n e s s of r o u t i n g p r o c e d u r e s i n d e v e l ­
op ing h y d r o g r a p h s h a p e s . 
E d s o n a s [ l 9 5 l ] d e r i v a t i o n of t h e gamme f u n c t i o n a s a h y d r o g r a p h 
form was based upon an e x p o n e n t i a l s t o r a g e d e p l e t i o n ( l i n e a r r e s e r v o i r ) 
and a p a r a b o l a . The p a r a b o l a Ed son took t o be a r e a s o n a b l e r e p r e s e n t a ­








C l a r k (1945) 
S=KQ 
0 ' K e l l y (1955) 
L K
2 cra5̂  
R e s e r v o i r f u l l a t 
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K 1 = K 2 = K 3 L 
Dooge (1959) 
F i g u r e 1 . L i n e a r Rou t ing Approaches t o Hydrograph A n a l y s i s , 
( t a k e n from van de Leur [ 1 9 6 6 ] p . 51) 
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From t h e s e r e l a t i v e l y s i m p l e mode l s Nash [ 1 9 5 7 ] and Dooqe [ 1 9 5 9 ] 
deve loped models of g r e a t e r c o m p l e x i t y . N a s h ' s model c o n s i s t e d of a 
c a s c a d e of e q u a l l i n e a r s t o r a g e s . T h i s new model added a n o t h e r a p p r o a c h 
t o h y d r o g r a p h r o u t i n g m o d e l s . I n s t e a d of combining a t r a n s p o r t d e v i c e 
w i t h a s t o r a g e , Nash depended o n l y upon t h e s u c c e s s i v e s t o r a g e s t o 
d e t e r m i n e t h e h y d r o g r a p h s h a p e . Dooge added t o N a s h ' s model t h e c o n ­
c e p t of t r a n s p o r t , t h e l i n e a r c h a n n e l . D o o g e ' s model was more g e n e r a l 
i n t h a t unequa l l i n e a r r e s e r v o i r s were a l l o w e d . However, Dooge demon° 
s t r a t e d t h a t a s u f f i c i e n t l y f l e x i b l e form of u n i t h y d r o g r a p h could be 
o b t a i n e d by assuming t h e s t o r a g e s t o be e q u a l . Even so , h i s model 
c o n t a i n e d more d e g r e e s of freedom t h a n d i d e i t h e r C l a r k ' s o r N a s h ' s , 
The i n p u t t o Dooge°s model i s t h e t i m e - a r e a c u r v e . 
The c o n c e p t of d e r i v i n g u n i t h y d r o g r a p h s by r o u t i n g has been 
used i n i t s v a r i o u s forms and a p p l i e d by some h y d r o l o g i s t s t o f ind 
r e l a t i o n s h i p s be tween b a s i n c h a r a c t e r i s t i c s and t h e h y d r o g r a p h form, 
0 " K e l l y ' s [ 1 9 5 5 ] work w i t h I r i s h d r a i n a g e b a s i n s was a s y s t e m a t i c 
a p p l i c a t i o n of a model s i m i l a r t o C l a r k " s . However, i n h i s work 
0 " K e l l y used i s o s c e l e s t r i a n g l e s for i n p u t i n s t e a d of t i m e - a r e a 
g r a p h s . He found t h a t t h e smoothing e f f e c t of t h e s t o r a g e r e s e r v o i r 
t o be g r e a t enough t o p r e c l u d e a more c o m p l i c a t e d form of i n p u t ( e . g . 
t h e t i m e - a r e a g r a p h ) . 0 " K e l l y r e l a t e d b a s i n s i z e , s h a p e , and s l o p e t o 
t h e t i m e b a s e of t h e i n p u t t r i a n g l e and t o t h e s t o r a g e c o e f f i c i e n t . 
S a t o and Mikawa and D i s k i n [ v a n de L u e r , 1966] have d e v e l o p e d 
models u s i n g p a r a l l e l c a s c a d e s of l i n e a r s t o r a g e s . These complex mode l s 
a t t e m p t e d t o c o n s i d e r n o n - l i n e a r i t i e s | however , t h e s e were s t i l l 
b a s i c a l l y l i n e a r a p p r o a c h e s . 
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No m a t t e r how c o m p l i c a t e d a model sys tem of r e s e r v o i r s one 
d e v i s e s , i f no a l l o w a n c e i s made t o cope w i t h n o n - l i n e a r s i t u a t i o n s , 
t h e model i s l i m i t e d . Complex l i n e a r mode l s , however r e f i n e d , a r e of 
l i t t l e u se i n a n a l y z i n g or d e s c r i b i n g a n o n - l i n e a r phenomenon. 
N o n - l i n e a r Models 
Because of t h e d i f f i c u l t i e s men t ioned e a r l i e r , n o n - l i n e a r 
a n a l y s i s and s y n t h e s i s have l a g g e d b e h i n d t h e e a s i e r l i n e a r t e c h ­
n i q u e s . R e c e n t l y , however , some p r o g r e s s h a s been made i n n o n - l i n e a r 
a n a l y s i s t e c h n i q u e s . 
M i n s h a l l [ i 9 6 0 ] h a s d e r i v e d a c o r r e l a t i o n be tween r a i n f a l l 
i n t e n s i t i e s and peak f lows and t i m e s t o pea,k of u n i t h y d r o g r a p h s . 
In h i s s t u d y of I l l i n o i s b a s i n s , M i n s h a l l c o n s i d e r e d t h e w a t e r s h e d 
r e s p o n s e t o r e m a i n c o n s t a n t d u r i n g a r u n o f f e v e n t . The v a r i a t i o n i n 
r e s p o n s e be tween s to rm e v e n t s was t h e s u b j e c t of h i s s t u d y . M i n s h a l l 
p r e s e n t e d h i s r e s u l t s i n a form which c o u l d be r e a d i l y used by e n g i ­
n e e r s u s i n g u n i t - g r a p h p r o c e d u r e s . The s i g n i f i c a n c e of h i s work was 
t h e r e c o g n i t i o n t h a t t h e w a t e r s h e d r e s p o n s e i s n o t c o n s t a n t from storm 
t o s t o r m . H i s s t u d y i n d i c a t e d t h a t u n i t = h y d r o g r a p h peak f lows i n c r e a s e 
w i t h r a i n f a l l i n t e n s i t y and t h a t t i m e s t o peak d e c r e a s e a s r a i n f a l l 
i n t e n s i t y i n c r e a s e s . 
Amorocho and O r l o b [ 1 9 6 1 ] p o i n t e d o u t t h a t l i n e a r sys t ems a r e 
r e p r e s e n t e d by a s i n g l e c o n v o l u t i o n i n t e g r a l which i s s imp ly t h e f i r s t 
t e rm of a p o l y n o m i a l s e r i e s of c o n v o l u t i o n i n t e g r a l s . The second and 
s u c c e e d i n g t e r m s of h i g h e r d i m e n s i o n a c c o u n t fo r i n t e r a c t i o n be tween 
i n p u t e l e m e n t s . Amorocho u t i l i z e d t h e f i r s t t h r e e t e r m s of t h e s e r i e s 
i n a n a l y z i n g d a t a from a model w a t e r s h e d . 
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S i n g h [ 1 9 6 4 ] p r e s e n t e d a n o n - l i n e a r model i n which t h e t i m e - a r e a 
cu rve was r o u t e d t h r o u g h two l i n e a r r e s e r v o i r s . The f i r s t r e s e r v o i r he 
c o n s i d e r e d t o r e p r e s e n t o v e r l a n d flow s t o r a g e . T h i s t y p e of s t o r a g e 
S i n g h assumed t o be unchang ing and so t h e e q u a t i o n which r e p r e s e n t e d 
t h i s s t o r a g e was made c o n s t a n t for a l l s t o r m s . The second s t o r a g e r e p ­
r e s e n t e d channe l s t o r a g e and S i n g h l e t t h e e q u a t i o n which r e p r e s e n t e d 
t h i s s t o r a g e v a r y from s to rm t o s t o r m . In a d d i t i o n he l e t t h e t ime 
b a s e of t h e t i m e - a r e a c u r v e v a r y be tween e v e n t s 0 Tha t i s , t h e t i m e 
r a t e of t h e i n p u t t o t h e s t o r a g e was made t o v a r y . By t r i a l and e r r o r , 
S i n g h found v a l u e s f o r t h e e q u a t i o n s and t h e r a t e of i n p u t t o t h e s t o r ­
age which gave t h e b e s t f i t s of t h e o b s e r v e d h y d r o g r a p h s . His r e s u l t s 
were s i m i l a r t o t h o s e of M i n s h a l l . He found t h a t u n i t - h y d r o g r a p h peak 
f lows g e n e r a l l y i n c r e a s e w i t h r a i n f a l l i n t e n s i t y and t h a t t i m e s t o peak 
d e c r e a s e a s r a i n f a l l i n t e n s i t y i n c r e a s e s . 
P r a s a d [ 1 9 6 7 ] used an a n a l o g computer t o d e v e l o p a s o p h i s t i c a t e d 
n o n - l i n e a r modelo In a l l p a s t mode l s t h e s t o r a g e e q u a t i o n 
S = KQn (1) 
i n which S i s t h e volume of w a t e r s t o r e d a t any t i m e , Q i s t h e i n s t a n ­
t a n e o u s r a t e of o u t f l o w , and K and n a r e c o n s t a n t s , n ha s been u n i t y . 
The e q u a t i o n was l i n e a r . One way t o accommodate n o n - l i n e a r i t i e s i s t o 
s imply l e t K v a r y w h i l e n e q u a l s o n e . T h i s i s what most i n v e s t i g a t o r s 
have d o n e . P r a s a d , however , l e t n be a c o n s t a n t o t h e r t h a n u n i t y and 
a l s o l e t K v a r y from s to rm t o s t o r m . In a d d i t i o n t o p e r m i t t i n g a non­
l i n e a r r e l a t i o n s h i p be tween s t o r a g e and o u t f l o w , P r a s a d expanded t h e 
s t o r a g e e q u a t i o n t o t a k e i n t o a c c o u n t u n s t e a d y f low. The e q u a t i o n he 
used was 
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S = K l Q " + K - 2f . (2) 
He f e l t t h a t t h e r a i n f a l l p a t t e r n shou ld have some e f f e c t on t h e s t o r ­
age c o e f f i c i e n t s so he p e r m i t t e d and K_ t o v a r y from s torm t o s t o r m . 
P r a s a d d e v i a t e d from t h e c u s t o m a r y use of t h e t i m e - a r e a c u r v e a s i n p u t 
and used s imp ly t h e r a i n f a l l e x c e s s . The e f f e c t s of t h e a r e a and shape 
of t h e w a t e r s h e d upon t h e shape of t h e h y d r o g r a p h a r e r e f l e c t e d i n t h e 
v a l u e s of and n . P r a s a d a p p l i e d h i s model t o h y d r o g r a p h s from 
seven I l l i n o i s b a s i n s . In a d d i t i o n t o o b t a i n i n g good f i t s of t h e o b s e r v e d 
h y d r o g r a p h s , he was a b l e t o c o r r e l a t e K 9 K_p and n w i t h b a s i n and s to rm 
c h a r a c t e r i s t i c s . Using v a l u e s from t h i s c o r r e l a t i o n he d e m o n s t r a t e d t h e 
u s e f u l n e s s of h i s a p p r o a c h . Good f i t s of o b s e r v e d e v e n t s were o b t a i n e d 
u s i n g v a l u e s from t h e c o r r e l a t i o n . 
D e s p i t e t h e s u c c e s s of t h e s e m o d e l s , t h e r e h a s been a m i s s i n g 
l i n k i n t h e methods of n o n - l i n e a r h y d r o g r a p h a n a l y s i s . With t h e e x c e p ­
t i o n of P r a s a d ° s work, a n a l y s i s t e c h n i q u e s have depended on some assump­
t i o n of t h e shape of t h e i n p u t , o r r o u t e d , f u n c t i o n . A l s o , p r e v i o u s 
models have no t t a k e n i n t o a c c o u n t v a r i a t i o n s i n t h e r e s p o n s e which 
occur w i t h i n t h e s t o r m . M i n s h a l l [ i 9 6 0 ] gave d i f f e r e n t h y d r o g r a p h s for 
e a r l y - i n t e n s e s t o r m s and l a t e - i n t e n s e s t o r m s . However, t h e g r e a t c o n ­
c e r n of most h y d r o 1 o g i s t s h a s been t h e v a r i a t i o n i n w a t e r s h e d r e s p o n s e 
from s torm t o s t o r m . What h a s g e n e r a l l y been l a c k i n g i s a p u r e l y 
a n a l y t i c a l , n o n - l i n e a r a p p r o a c h t o s t u d y o b s e r v e d h y d r o g r a p h s . 
One such a n a l y t i c a l t e c h n i q u e h a s been d e v e l o p e d by Snyde r e t a l . 
[ 1 9 6 9 ] . The a n a l y s i s d e r i v e s from a s to rm h y d r o g r a p h a cu rve which i s 
c a l l e d t h e c h a r a c t e r i s t i c c u r v e or c h a r a c t e r i s t i c f u n c t i o n . T h i s cu rve 
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i s a n a l o g o u s t o C l a r k ° s t i m e - a r e a c u r v e . T h e i m p o r t a n t d i f f e r e n c e i s 
t h a t C l a r k ° s c u r v e w a s a s s u m p t i v e w h i l e t h e c h a r a c t e r i s t i c c u r v e i s 
d e r i v e d f r o m t h e i n p u t o f t h e s t r e a m f l o w and r a i n f a l l . T h e a n a l y s i s 
a l s o d e r i v e s p a r a m e t e r s w h i c h d e t e r m i n e a s t o r a g e c o e f f i c i e n t w h i c h 
v a r i e s t h r o u g h o u t t h e s t o r m . T h e m o d e l w a s t e s t e d b y S n y d e r e t a l . o n 
t e n s t o r m s , t w o f r o m e a c h o f f i v e C o a s t a l P l a i n w a t e r s h e d s . T h e r e s u l t s 
f r o m t h i s f i r s t t r i a l w e r e e n c o u r a g i n g . T h e n e e d f o r f u r t h e r w o r k w i t h 




The model that Snyder et al. have developed is similar to the 
model created earlier by Zoch and used by Clark. Like the earlier 
model, Snyder°s model routes a shape that characterizes the watershed 
through a storage reservoir. This conceptual reservoir converts this 
characteristic shape into a unit hydrograph. This new model difers 
from Zoch's model by being non-linear. Also, this model is more 
purely analytical since the nature of the storage reservoir and the char­
acteristic shape are determined by an optimizing technique to give the 
best fit of the observed hydrograph. The earlier models have been 
based upon assumptions about these two elements. 
Two-Stage Convolution 
The model routes a characteristic curve through a varying lin­
ear reservoir to obtain unit hydrographs for each period of efective 
rainfalo The unit hydrographs are then applied to a rainfal record 
to create the storm response. This numeric process is known as two-
stage convolution. 
Comparison of One and Two Stages of Convolution 
Single-Stage Convolution. Single-stage convolution is wel 
known to hydrologistsQ- It is the traditional process of applying a 
unit hydrograph to a rainfal record to create a storm response. 
This process is shown in Figure 2a. Each increment of efective 
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rainfall, shown at the top of Figure 2a, is converted into an equivalent, 
time-distributed outflow by proportioning the unit linear response. The 
sum of the time-distributed outflows from all rainfall increments is the 
total outflow hydrographo This process of converting all increments of 
rainfall into the total storm response is single-stage convolution. 
Two-Stage Convolution. Two-stage convolution is obtained simply by 
adding another "round" of convolution to the single-stage convolution 
procedure., The additional convolution is used to obtain the unit 
response, which is then convolved with the rainfall record. Figure 2b 
shows this two°stage convolution process. At the top of the figure is 
the characteristic, or core, function. Below the characteristic func­
tion in Figure 2b is the routing response curve. The routing response 
is convolved with ordinates of the characteristic curve as shown. The 
characteristic function and the routing response function are analogous 
to the rainfall record and the unit hydrograph, respectively, in the 
single-stage convolution case (Figure 2a). The second stage of two-
stage convolution is the build-up of the storm response from the rain­
fall record and the various unit responses. This second stage, shown 
in the lower right-hand portion of Figure 2b, is the same process as 
single-stage convolution (Figure 2a). 
Volumetric Continuity 
Any scheme for generating unit hydrographs must meet requirements 
of physical continuity. This means that output must equal input. For 
unit hydrographs continuity means that the area enclosed by the unit of 
output (the unit hydrograph) must represent a volume of water equal to 
a unit of input which is one inch of rain over the area of the watershed. 
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Effective rainfall 
Constant unit response 
Responses to rainfall 
Outflow hydrograph 
(a) Single-stage Convolution 
Characteristic curve 
Variable routing responses 












(b) Two Stage Convolution 
Figure 2. One and Two Stage Convolution. 
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SINCE THIS UNIT OF INPUT IS CONSTANT, ALL OF THE UNIT HYDROGRAPHS MUST 
ENCLOSE THE SAME AREA. 
THIS TWO-STAGE CONVOLUTION TECHNIQUE OPERATES SO THAT ALL OF 
THE UNIT HYDROGRAPHS ENCLOSE THE SAME AREA. SINCE CONVOLUTION IS A 
SORT OF MULTIPLICATION PROCESS, THE AREA OF THE RESULTANT CURVE IS THE 
PRODUCT OF THE AREAS OF THE TWO CONVOLVED CURVES0 WHEN A CONVOLUTION 
IS PERFORMED WITH A RESPONSE OF UNIT AREA, THE RESULTANT CURVE HAS THE 
SAME AREA AS THE CORE CURVE. THE FORM OF THE ROUTING RESPONSE PRE­
SCRIBES THAT THE AREA ENCLOSED BY THE ROUTING CURVE IS ALWAYS UNITY. 
THUS, THE RESPONSES DERIVED BY THE FIRST STAGE OF THE TWO-STAGE CON­
VOLUTION ARE ALL EQUAL IN AREA TO THE CHARACTERISTIC CURVE. THE AREA 
UNDER THE CHARACTERISTIC CURVE REPRESENTS THE UNIT VOLUME OF INPUT. 
THEREFORE, THE AREAS OF THE UNIT RESPONSES ARE ALL EQUIVALENT TO THE UNIT 
OF INPUT. 
CONVOLUTION ANALOGOUS TO RESERVOIR ROUTING 
CONVOLUTION IS A NUMERIC PROCESS WHICH PRODUCES THE SAME FORM OF 
HYDROGRAPH AS DOES THE SINGLE LINEAR RESERVOIR DISCUSSED IN THE PRE­
CEDING CHAPTER. THE FIRST STAGE OF TWO-STAGE CONVOLUTION IS THE PROCESS 
OF OBTAINING HYDROGRAPHS BY ROUTING. APPLYING THE ROUTING RESPONSE, 
WHICH REPRESENTS OUTFLOW FROM A LINEAR RESERVOIR, TO EACH ORDINATE OF 
THE CHARACTERISTIC CURVE AS SHOWN IN FIGURE 2b IS ANALOGOUS TO ROUTING 
EACH SEGMENT OF THE CHARACTERISTIC CURVE THROUGH A SEPARATE RESERVOIR. 
DISCRETE CONVOLUTION IS ANALOGOUS TO COLLECTING THE OUTFLOWS FROM THESE 
SEPARATE RESERVOIRS. 
IT SHOULD BE NOTED THAT ALL ORDINATES OF THE CHARACTERISTIC CURVE 
ARE CONVOLVED WITH ONLY ONE ROUTING RESPONSE TO OBTAIN ANY SINGLE UNIT 
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h y d r o g r a p h . C o n c e p t u a l l y , t h i s means t h a t a l l p o r t i o n s of t h e c h a r a c ­
t e r i s t i c c u r v e a r e r o u t e d t h r o u g h i d e n t i c a l r e s e r v o i r s fo r any s i n g l e 
s torm periodo S i n c e t h e r e s e r v o i r s a r e l i n e a r and e q u a l , t h e y may be 
combined. In o t h e r w o r d s , t h e s e v e r a l l i n e a r r e s e r v o i r s a r e e q u i v a ­
l e n t t o a s i n g l e r e s e r v o i r . 
I t shou ld be e x p l a i n e d t h a t a l t h o u g h t h e d e r i v a t i o n of each 
u n i t r e s p o n s e i s a c c o m p l i s h e d by c o n v o l u t i o n , a l i n e a r p r o c e s s , t h e 
o v e r a l l t e c h n i q u e i s n o n - l i n e a r s i n c e t h e c h a r a c t e r of t h e r o u t i n g 
r e s e r v o i r i s a l l owed t o v a r y d u r i n g t h e r a i n f a l l e v e n t . 
The R o u t i n g F u n c t i o n 
The S t o r a g e E q u a t i o n 
The r e s e r v o i r t h r o u g h which t h e c h a r a c t e r i s t i c f u n c t i o n i s 
r o u t e d i s d e f i n e d by t h e e q u a t i o n 
S = KQ (3) 
which i s t h e l i n e a r s p e c i a l c a s e of E q u a t i o n ( l ) . S i n c e f low, Q, can 
be e x p r e s s e d a s t h e r a t e of change of s t o r a g e , t h e n 
- S « K f . (4) 
S i n c e t h e r e s e r v o i r s a r e fed i n s t a n t a n e o u s l y , E q u a t i o n (4) i s t h e com­
p l e t e e q u a t i o n of flow from t h e r e s e r v o i r s . I n t e g r a t i n g E q u a t i o n (4) 
y i e l d s 
and d i f f e r e n t i a t i n g t h i s g i v e s 
= e " * ' * (5) 
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d t s Q e S o K e ' ( 6 ) 
I f t h e i n s t a n t a n e o u s i n p u t , S , i s u n i t y , t h e n 
q = 1 (7) 
i n w h i c h q i s a n o r d i n a t e o f t h e e x p o n e n t i a l d e c a y f u n c t i o n a t t i m e , t , 
a n d K i s t h e s t o r a g e c o e f f i c i e n t , , 
E q u a t i o n ( 7 ) r e p r e s e n t s t h e r o u t i n g r e s p o n s e d i s c u s s e d i n t h e 
p r e c e d i n g s e c t i o n . N o t i c e t h a t t h e i n t e g r a l o f E q u a t i o n ( 7 ) b e t w e e n 
t h e l i m i t s o f z e r o a n d i n f i n i t y i s e q u a l t o u n i t y r e g a r d l e s s t o t h e 
v a l u e o f t h e s t o r a g e c o e f f i c i e n t , K. 
T h e R e s e r v o i r C o e f f i c i e n t 
I n p a s t h y d r o g r a p h r o u t i n g s c h e m e s , K i n E q u a t i o n s ( 3 ) t h r o u g h 
( 7 ) h a s b e e n t a k e n a s a c o n s t a n t f o r t h e e n t i r e s t o r m e v e n t a n d f o r 
a l l c o n d i t i o n s o f f l o w . A c o n s t a n t s t o r a g e c o e f f i c i e n t i n E q u a t i o n 
( 3 ) i n d i c a t e s a l i n e a r r e l a t i o n s h i p b e t w e e n s t o r a g e a n d o u t f l o w . H o w ­
e v e r , i t h a s b e e n s h o w n [ H o r t o n , 1 9 3 7 ] t h a t s t o r a g e a n d f l o w a r e n o t 
n e c e s s a r i l y l i n e a r l y r e l a t e d . A m o r e f l e x i b l e f o r m o f e q u a t i o n w h i c h 
c o u l d t a k e i n t o a c c o u n t n o n - l i n e a r i t y o f t h e s t o r a g e - o u t f l o w r e l a t i o n ­
s h i p h a s b e e n n e e d e d . 
One f l e x i b l e f o r m t o r e l a t e s t o r a g e a n d f l o w was t h a t d e v e l o p e d 
b y P r a s a d ( s e e E q u a t i o n s ( l ) and ( 2 ) ) . S n y d e r e t a l . h a v e u s e d a n o t h e r 
f o r m . T h i s l a t t e r f o r m h a s b e e n u s e d i n t h i s s t u d y . 
I n t h i s s t u d y t h e s t o r a g e c o e f f i c i e n t i s made v a r i a b l e b e t w e e n 
t i m e i n c r e m e n t s . T h i s c o e f f i c i e n t i s d e t e r m i n e d f o r e a c h p e r i o d o f 




K x + K 2 Q + K 
dQ 
3 d t 
dQ 
i n w h i c h K^, a n d a r e c o n s t a n t s f o r a n y g i v e n s t o r m . Q and - j ^ -
a r e f l o w a n d c h a n g e i n f l o w m e a s u r e d a t t h e b e g i n n i n g o f t h e t i m e 
i n c r e m e n t f o r w h i c h K i s c o m p u t e d . V a l u e s f o r K p K^f a n d a r e c o m ­
p u t e d b y t h e o p t i m i z i n g t e c h n i q u e t o g i v e t h e b e s t f i t o f t h e o b s e r v e d 
h y d r o g r a p h . 
T h e o t h e r m o d e l c o m p o n e n t w h i c h d e t e r m i n e s t h e u n i t h y d r o g r a p h s 
i s t h e c h a r a c t e r i s t i c c u r v e ( s e e F i g u r e 2 b ) . Q u a l i t a t i v e l y , t h e c h a r ­
a c t e r i s t i c c u r v e r e p r e s e n t s some s o r t o f t i m e c o l l e c t i o n o f r u n o f f and 
i s d e t e r m i n e d b y w a t e r s h e d c h a r a c t e r i s t i c s . H o w e v e r , a t t h i s t i m e i t 
i s i m p o s s i b l e t o p r e d i c t p r e c i s e l y t h e s h a p e o f t h e c h a r a c t e r i s t i c 
c u r v e . 
I t i s d e s i r a b l e t o u s e some f l e x i b l e f o r m t o r e p r e s e n t t h e c h a r ­
a c t e r i s t i c c u r v e . T h e a c t u a l s h a p e o f t h e c h a r a c t e r i s t i c f u n c t i o n as 
d e t e r m i n e d b y w a t e r s h e d c h a r a c t e r i s t i c s m i g h t be q u i t e c o m p l e x and n o t 
w e l l d e f i n e d b y s i m p l e g e o m e t r i c f o r m s . T h e f u n c t i o n c h o s e n t o r e p r e ­
s e n t t h e c h a r a c t e r i s t i c c u r v e s h o u l d b e a b l e t o a p p r o x i m a t e t h e s e c o m ­
p l e x f o r m s . 
T h e l i n e a r - s e g m e n t e d f o r m i s o n e s u c h f l e x i b l e f o r m w h i c h h a s 
b e e n u s e d i n h y d r o l o g i c i n v e s t i g a t i o n s [ S n y d e r , 1 9 6 7 ] . A l i n e a r - s e g ­
m e n t e d f o r m w i t h f i v e v a l u e d , o r " a n g l e , " p o i n t s was u s e d i n t h i s m o d e l . 
T h e v a l u e s o f p o i n t s b e t w e e n a n g l e p o i n t s a r e d e r i v e d b y l i n e a r i n t e r ­
p o l a t i o n b e t w e e n a n g l e p o i n t s . 
T h e C h a r a c t e r i s t i c C u r v e 
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T e c h n i q u e o f O p t i m i z a t i o n 
T h e t e c h n i q u e e m p l o y e d t o f i n d v a l u e s o f p a r a m e t e r s o f t h e c h a r ­
a c t e r i s t i c c u r v e a n d r o u t i n g f u n c t i o n i s a c o m b i n a t i o n o f c o m p o n e n t s 
r e g r e s s i o n a n d n o n - l i n e a r l e a s t s q u a r e s - T h e t e c h n i q u e i s a n i t e r a t i v e 
p r o c e s s i n w h i c h s u c c e s s i v e r o u n d s o f c o r r e c t i o n s a r e made t o t h e 
a n a l y s i s p a r a m e t e r s . C o r r e c t i o n s a r e c o m p u t e d a f t e r e a c h i t e r a t i o n t o 
i m p r o v e t h e f i t o f t h e r e - c r e a t e d e v e n t t o t h e o b s e r v e d e v e n t . 
N o r m a l l y ^ t h e c o r r e c t i o n s c o m p u t e d b y t h e o p t i m i z i n g t e c h n i q u e 
become i n s i g n i f i c a n t a f t e r a f e w i t e r a t i o n s . T h e t e r m c o n v e r g e n t r e f e r s 
t o t h e s e c o r r e c t i o n s b e c o m i n g n e g l i g i b l e a f t e r a f i n i t e n u m b e r o f 
i t e r a t i o n s o C o n v e r g e n c e i m p l i e s t h a t t h e p a r a m e t e r s h a v e r e a c h e d 
s t a b l e v a l u e s w h i c h g i v e t h e b e s t f i t o f t h e o b s e r v e d h y d r o g r a p h . N o n -
c o n v e r g e n c e i s t h e c o n d i t i o n i n w h i c h t h e c o r r e c t i o n s do n o t become 
i n s i g n i f i c a n t a f t e r a n u m b e r o f i t e r a t i o n s . 
A m o r e d e t a i l e d d i s c u s s i o n o f t h e o p t i m i z i n g t e c h n i q u e i s o u t s i d e 
t h e s c o p e o f t h i s p a p e r . A c o m p l e t e d i s c u s s i o n o f t h i s t e c h n i q u e h a s 
b e e n g i v e n b y P j e C p u r s e y a n d S n y d e r [ 1 9 6 9 ] . 
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CHAPTER I V 
DATA 
THE WATERSHEDS 
C R I T E R I A 
I T I S CUSTOMARY AND PRUDENT TO PLACE L I M I T A T I O N S ON THE TYPES 
OF WATERSHEDS USED I N A HYDROGRAPH STUDY. TO SELECT DATA I N D I S C R I M I ­
NATELY FROM MANY T Y P E S OF WATERSHEDS COULD CAUSE MEANINGFUL RESULTS TO 
BE OBSCURED BY V A R I A T I O N S CAUSED BY D I F F E R E N C E S I N THE WATERSHEDS^ 
CONSEQUENTLY, FOR T H I S STUDY CERTAIN C R I T E R I A WERE E S T A B L I S H E D TO 
SELECT WATERSHEDS WHICH WOULD L I M I T THE V A R I A B I L I T Y OF WATERSHED CHAR­
A C T E R I S T I C S . 
ONE P R I N C I P A L C R I T E R I O N WAS THAT THE WATERSHEDS STUDIED BE 
F O R E S T E D . R E S T R I C T I N G THE STUDY TO FORESTED AREAS ONLY SHOULD S U P ­
P R E S S ANY D I F F E R E N C E S in WATERSHED R E S P O N S E S USUALLY CAUSED BY D I F ­
FERENCES I N LAND COVER. A L S O , THE SURFACE C O N D I T I O N S OF FORESTED 
AREAS ARE L I K E L Y TO REMAIN F A I R L Y CONSTANT FOR LONG P E R I O D S OF T I M E . 
WHATEVER E F F E C T SURFACE C O N D I T I O N S - - L I T T E R , SOIL TEXTURE, E T C . - = 
WOULD HAVE ON THE WATERSHED RESPONSE WOULD BE THE SAME FOR STORMS 
SEPARATED in T I M E . 
THE STUDY WAS FURTHER R E S T R I C T E D TO WATERSHEDS I N THE SOUTHEASTERN 
UNITED S T A T E S * T H I S AREA WAS SELECTED BECAUSE it I S AN AREA OF FAIRLY 
UNIFORM CLIMATE AND BECAUSE DATA WERE READILY AVAILABLE FOR WATERSHEDS 
I N T H I S AREA. 
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L o c a t i o n 
F o u r w a t e r s h e d s w e r e s e l e c t e d t o b e u s e d i n t h e s t u d y . A l l l i e 
w i t h i n t h e T e n n e s s e e R i v e r b a s i n a n d a r e a d m i n i s t e r e d b y t h e T e n n e s s e e 
V a l l e y A u t h o r i t y . Two o f t h e w a t e r s h e d s l i e i n A l a b a m a ; t h e o t h e r s a r e 
l o c a t e d i n T e n n e s s e e . T h e f o u r w a t e r s h e d s a r e r e p r e s e n t a t i v e o f t h r e e 
g e o l o g i c a l p r o v i n c e s i n t h e s o u t h e a s t e r n U n i t e d S t a t e s . 
A d e q u a t e s t r e a m f l o w a n d r a i n f a l l r e c o r d s w e r e a v a i l a b l e f o r a l l 
w a t e r s h e d s . W h i t e H o l l o w and P i n e T r e e B r a n c h w a t e r s h e d s , w h i c h h a v e 
b e e n i n v o l v e d i n r e f o r e s t a t i o n p r o j e c t s , h a v e l o n g r e c o r d s a v a i l a b l e . 
T h e o t h e r w a t e r s h e d s c a v e j u s t r e c e n t l y b e e n i n s t r u m e n t e d a n d t h e r e f o r e 
d o n o t h a v e a s m u . h a v a i l a b l e d a t a a s do t h e o t h e r t w o . 
W h i t e H o l l o w W a t e r s h e d 
W h i t e H o l l o w w a t e r s h e d i s a s m a l l w a t e r s h e d w h i c h l i e s b e t w e e n 
t h e P o w e l l R i v e r a n d C l i n c h R i v e r b r a n c h e s o f M o r r i s R e s e r v o i r i n 
n o r t h e a s t e r n T e n n e s s e e . T h e b a s i n l i e s i n t h e V a l l e y a n d R i d g e p r o ­
v i n c e o f T e n n e s s e e , and a s c a n b e s e e n f r o m F i g u r e 3 , t h e w a t e r s h e d 
c o n s i s t s o f a s e r i e s o f n e a r l y p a r a l l e l v a l l e y s a n d s t e e p r i d g e s . T h e 
w a t e r s h e d i s 1 7 1 5 a c r e s i n s i z e . T h e a v e r a g e s l o p e o f t h e w a t e r s h e d i s 
30 p e r c e n t . T h e w a t e r s h e d v a r i e s i n e l e v a t i o n f r o m 1 6 8 0 f e e t t o 1 0 8 0 
f e e t a b o v e sea l e v e l . T h e c h a n n e l s l o p e s a v e r a g e 3 0 0 f e e t p e r m i l e . 
T h e s o i l i s p r i n c i p a l l y F u l l e r t o n o r C l a r k s v i l l e c h e r t y s i l t l o a m s 
w h i c h a r e m o d e r a t e l y p e r m e a b l e . T h e s o i l i s u n d e r l a i n b y a p o r o u s 
l i m e s t o n e d e p o s i t . C o n s e q u e n t l y , i n t e r f l o w i s a v e r y p r o m i n e n t p h e ­
n o m e n o n i n t h e w a t e r s h e d . Many s p r i n g s a r e k n o w n t o e x i s t i n t h e b a s i n . 
T h e a v e r a g e a n n u a l r a i n f a l l i s 4 7 i n c h e s . T h e p r e s e n t l a n d c o v e r i s a 
m i x t u r e o f s p e c i e s o f h a r d w o o d s w i t h some p i n e t r e e s . 
F i g u r e 3 . T h e W h i t e H o l l o w W a t e r s h e d . 
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B e a r C r e e k W a t e r s h e d s 
Two w a t e r s h e d s i n t h e TVA U p p e r B e a r C r e e k E x p e r i m e n t a l P r o j e c t 
[ T V A , 1 9 6 6 ] , d e s i g n a t e d SF I a n d S F - 2 , w e r e u s e d . T h e s e t w o w a t e r s h e d s , 
2 . 4 8 a n d 1 3 . 9 s q u a r e m i l e s i n s i z e r e s p e c t i v e l y , a r e l o c a t e d i n n o r t h ­
w e s t e r n A l a b a m a 0 F i g u r e 4 s h o w s t h e t o p o g r a p h y o f t h e s e w a t e r s h e d s . 
T h e h i g h e s t p o i n t i n t h e s e t w o w a t e r s h e d s i s 1 1 1 5 f e e t . T h e l o w e s t 
p o i n t , t h e g a g e o f S F = 2 , i s 9 2 9 f e e t a b o v e sea l e v e l . T h e a v e r a g e 
c h a n n e l s l o p e o f S F - 1 i s a p p r o x i m a t e l y 6 0 f e e t p e r m i l e . T h e c h a n n e l 
s l o p e o f S F - 2 i s a p p r o x i m a t e l y 35 f e e t p e r m i l e . T h e s o i l s o n t h e 
r a t h e r f l a t r i d g e t o p s c f t h e s e w a t e r s h e d s a r e d e r i v e d f r o m t h e u p p e r 
C o a s t a l P l a i n f o r m a t i o n . T h e s e s o i l s a r e m o d e r a t e l y p e r m e a b l e s a n d y 
l o a m s a n d s a n d y c l a y l o a m s . On t h e s t e e p s l o p e s d e s c e n d i n g f r o m t h e 
r i d g e t o p s t o t h e d r a i n a g e w a y s , a n o t h e r t y p e o f s o i l i s e n c o u n t e r e d . 
T h i n ? s a n d y s o i l d e r i v e d f r o m s h a l e a n d s a n d s t o n e p a r e n t m a t e r i a l s i s 
f o u n d o n t h e s e s l o p e s . 
P i n e T r e e B r a n c h W a t e r s h e d 
P i n e T r e e B r a n c h w a t e r s h e d , s h o w n i n F i g u r e 5 , was t h e f o u r t h 
w a t e r s h e d i n v o l v e d i n t h i s s t u d y . T h i s w a t e r s h e d c o v e r s 8 8 . 2 a c r e s i n 
w e s t e r n T e n n e s s e e . P i n e T r e e B r a n c h i s a t r i b u t a r y o f t h e B e e c h R i v e r 
w h i c h f l o w s e a s t w a r d i n t o t h e T e n n e s s e e R i v e r . T h e w a t e r s h e d l i e s i n 
a n a r e a w h i c h i s g e o l o g i c a l l y a p a r t o f t h e M i s s i s s i p p i E m b a y m e n t . T h e 
s o i l i s a r a t h e r p e r m e a b l e s a n d y l o a m . T h e w a t e r s h e d l i e s b e t w e e n 5 9 5 
and 4 5 0 f e e t e l e v a t i o n ^ a n d t h e m a i n c h a n n e l s l o p e s f r o m t w o t o t e n p e r 
c e n t . T h e c o v e r i s p r i n c i p a l l y p i n e f o r e s t p l a n t e d i n 1 9 4 6 . 
1 
S c a l e 0 2 1 m i l e i i j 
© R a i n g a g e s 
C o n t o u r i n t e r v a l 5 0 f e e t 
F i g u r e 4 . T h e B e a r C r e e k W a t e r s h e d s . 




Gene ra l C r i t e r i a 
J u s t a s i t i s w i s e t o r e s t r i c t t h e t y p e s of w a t e r s h e d s t h a t a r e 
i n v o l v e d i n a h y d r o g r a p n s t u d y , i t i s a l s o p r u d e n t t o p l a c e r e s t r i c t i o n s 
on t h e t y p e s of r a i n f a l l e v e n t s c o n s i d e r e d , , S e v e r a l s t a n d a r d s were 
e s t a b l i s h e d t o l i m i t t h e s e l e c t i o n of r a i n f a l l e v e n t s . The p u r p o s e 
of t h e s e c r i t e r i a was t o s u p p r e s s , a s f a r a s p o s s i b l e , v a r i a t i o n s i n 
r e s p o n s e caused by d i f f e r e n c e s i n s to rm e v e n t s and w a t e r s h e d c o n d i t i o n s . 
Win t e r S t o r m s . Of c o u r s e , no two s to rm e v e n t s a r e e v e r a l i k e , 
but t h e r e a r e two broad classifications i n t o one of which all events 
must f a l l . Ra in f a l l i n g on t h e s e w a t e r s h e d s comes from e i t h e r c o n v e c ­
t i v e or f r o n t a l s t o r m s 0 C o n v e c t i v e s t o r m s a r e u s u a l l y s h o r t , have h i g h 
i n t e n s i t i e s of r a i n f a l l , and a r e somewhat l i m i t e d i n s i z e . F r o n t a l 
s t o r m s a r e a s s o c i a t e d w i t h long d u r a t i o n s , low i n t e n s i t i e s of r a i n f a l l , 
and o c c u r ove r much l a r g e r a r e a s t h a n do c o n v e c t i v e s t o r m s . F r o n t a l 
s t o r m s a r e more l i k e l y t o p r o d u c e an even i n t e n s i t y of r a i n f a l l ove r a 
w a t e r s h e d a t any g i v e n i n s t a n t . For t h i s r e a s o n , f r o n t a l s t o r m s were 
chosen for t h i s s t u d y . 
S i n c e f r o n t a l s t o r m s o c c u r p r i n c i p a l l y i n w i n t e r months t h i s 
s t u d y was l i m i t e d t o e v e n t s o c c u r r i n g i n t h e p e r i o d from O c t o b e r 
t h r o u g h m i d - A p r i l . I t i s somet imes ha rd t o d e t e r m i n e from r a i n f a l l 
r e c o r d s j u s t which s t o r m s a r e c o n v e c t i v e and which a r e f r o n t a l . In 
t h e T e n n e s s e e V a l l e y a r e a , however , few c o n v e c t i v e s t o r m s o c c u r i n 
t h e w i n t e r . T h e r e f o r e , i t i s r e a s o n a b l y c e r t a i n t h a t t h e e v e n t s used 
i n t h i s s t u d y a r e a l l f r o n t a l s t o r m s . 
Leng th of R e c o r d s . Ano the r r e s t r i c t i o n of t h e t i m e p e r i o d from 
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w h i c h s t o r m s w e r e s e l e c t e d w a s n e c e s s a r y , , Two o f t h e w a t e r s h e d s , P i n e 
T r e e B r a n c h and W h i t e H o l l o w , h a v e b e e n u n d e r g o i n g r e f o r e s t a t i o n . The 
e f f e c t t h a t t h i s c h a n g e i n c o v e r h a s had on t h e h y d r o g r a p h s f rom t h e s e 
w a t e r s h e d s h a s b e e n d e m o n s t r a t e d [.TVA, 1 9 6 1 1 TVA, 1 9 6 2 ] . To l i m i t t h e 
e f f e c t s t h a t t h e s e c h a n g e s i n c o v e r w o u l d h a v e on t h e r e s u l t s o f t h i s 
s t u d y , o n l y t h e l a s t 15 y e a r s o f r e c o r d w e r e u s e d i n s e c u r i n g d a t a . 
H y d r o g r a p h S h a p e . R a i n f a l l e v e n t s w e r e a l s o s e l e c t e d a c c o r d i n g 
t o t h e s h a p e s o f t h e h y d r o g r a p h s p r o d u c e d . I t w a s n o t known how w e l l 
t h i s new t e c h n i q u e w o u l d work on c o m p l e x o r m u l t i p l e - p e a k e d h y d r o g r a p h s . 
F u r t h e r m o r e , i t was n o t i n t h e s c o p e o f t h i s s t u d y t o t e s t t h e f l e x i -
b i l i t y o f t h i s t e c h n i q u e t o a n a l y z e c o m p l i c a t e d h y d r o g r a p h s . T h e r e ­
f o r e , w i t h o n l y o n e e x c e p t i o n , t h i s s t u d y w a s l i m i t e d t o s t o r m e v e n t s 
w h i c h p r o d u c e s i m p l e , s i n g l e - p e a k e d h y d r o g r a p h s . 
The S t o r m and F l o w D a t a 
T w e n t y - t h r e e h y d r o g r a p h s and r a i n f a l l r e c o r d s w e r e o b t a i n e d 
f rom t h e T e n n e s s e e V a l l e y A u t h o r i t y f o r s t u d y . E i g h t w e r e c h o s e n from 
P i n e T r e e B r a n c h , s i x w e r e c h o s e n f rom W h i t e H o l l o w , and f o u r and f i v e 
w e r e s e l e c t e d f rom B e a r C r e e k S F - 1 and S F - 2 r e s p e c t i v e l y . T h e s e s t o r m s 
a r e l i s t e d i n T a b l e 1 Q I t s h o u l d b e n o t e d i n T a b l e 1 t h a t t h e s e l e c t e d 
e v e n t s a r e c r o s s s e c t i o n s o f d i f f e r e n t p e a k f l o w s and s t o r m d u r a t i o n s . 
The d a t a a r e r e p r e s e n t a t i v e o f w i n t e r s t o r m s f o r t h e s e w a t e r s h e d s . 
T ime I n c r e m e n t s . T h e c h o i c e of t i m e i n c r e m e n t s , t h e t i m e i n t e r ­
v a l a t w h i c h o r d i n a t e s o f t h e h y d r o g r a p h and a m o u n t s o f r a i n f a l l a r e f e d 
i n t o t h e c o m p u t e r ^ w a s u s u a l l y d e t e r m i n e d b y t h e fo rm of t h e d a t a 
o b t a i n e d from t h e TVA. S t r e a m f l o w a b s t r a c t s and r a i n f a l l h i s t o g r a m s 
w e r e a v a i l a b l e a t o n e - h o u r t i m e i n c r e m e n t s f o r W h i t e H o l l o w and P i n e 
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T r e e B r a n c h w a t e r s h e d s . C o n s e q u e n t l y , o n e h o u r was t h e t i m e u n i t g e n e r ­
a l l y u s e d a s t h e t i m e i n c r e m e n t f o r t h e s e t w o w a t e r s h e d s . R a i n f a l l and 
s t r e a m f l o w d a t a f r o m t h e B e a r C r e e k w a t e r s h e d s , S F - 1 a n d S F - 2 , w e r e 
a v a i l a b l e a t 1 5 - m i n u t e and 3 0 - m i n u t e i n t e r v a l s r e s p e c t i v e l y . H o w e v e r , 
i t was s u f f i c i e n t t o u s e h a l f - h o u r a n d o n e - h o u r i n c r e m e n t s i n t h e 
a n a l y s i s f o r t h e s e w a t e r s h e d s . 
T i m e B a s e 
T h e t i m e b a s e o f t h e h y d r o g r a p h s , o r t h e n u m b e r o f h y d r o g r a p h 
o r d i n a t e s , u s e d i n t h e a n a l y s i s , v a r i e d b e t w e e n w a t e r s h e d s a n d b e t w e e n 
e v e n t s o n a n y s i n g l e w a t e r s h e d . T h e s e t i m e b a s e s a r e l i s t e d i n T a b l e 1 . 
S e v e r a l r a t h e r q u a l i t a t i v e s t a n d a r d s w e r e u s e d i n d e t e r m i n i n g t h e h y d r o -
g r a p h l e n g t h t o be u s e d i n t h e a n a l y s i s . G e n e r a l l y , e n o u g h o r d i n a t e s 
w e r e u s e d so t h a t t h e r e m a i n i n g t a i l a p p e a r e d t o b e a s i m p l e e x p o n e n t i a l 
r e c e s s i o n . A l s o e n o u g h o r d i n a t e s w e r e u s e d so t h a t t h e r e m a i n i n g t a i l 
c o n t a i n e d o n l y 10 t o 15 p e r c e n t o f t h e s t o r m f l o w . A n o t h e r f a c t o r w h i c h 
d e t e r m i n e d h y d r o g r a p h l e n g t h was how w e l l t h e r e m a i n i n g t a i l c o u l d be 
e s t i m a t e d . H y d r o g r a p h o r d i n a t e s w e r e s e l e c t e d u n t i l a p o i n t o n t h e 
h y d r o g r a p h was r e a c h e d f r o m w h i c h a s t r a i g h t l i n e c o u l d r e a s o n a b l y f i t 
t h e r e m a i n d e r o f t h e h y d r o g r a p h . 
E v e n t s E l i m i n a t e d 
T h r e e o f t h e e v e n t s w e r e e l i m i n a t e d f r o m t h e s t u d y b e c a u s e o f 
a p p a r e n t e r r o r s i n t h e d a t a . Two s t o r m s f r o m P i n e T r e e B r a n c h w e r e 
n o t i n c l u d e d i n t h e s t u d y b e c a u s e t h e s t r e a m f l o w r e c o r d s and r a i n f a l l 
r e c o r d s a p p e a r e d o u t o f p h a s e i n t i m e . A s t o r m on B e a r C r e e k S F - 1 was 
e l i m i n a t e d b e c a u s e t h e t o t a l s t r e a m f l o w e x c e e d e d t h e t o t a l r a i n f a l l . 
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T a b l e 1 . S t o r m D a t a 
W a t e r s h e d A n t e c e d e n t T o t a l P e a k L e n g t h L e n g t h of 
and D a t e C o n d i t i o n R a i n f a l l F l o w o f S t o r m H y d r o g r a p h 
o f S t o r m i n I n c h e s i n CFS i n H o u r s i n H o u r s 
W h i t e H o l l o w 
1 1 - 2 5 = 6 4 
1 0 - 1 8 - 6 6 
1 2 - 1 1 - 6 4 
3 - 8 - 5 6 
1 2 - 7 - 5 7 
3 - 4 - 6 6 
B e a r C r e e k S F - 1 
4 - 7 - 6 4 
2 - 1 0 = 6 5 
3 - 2 5 = 6 4 
3 - 1 4 - 6 4 
2 = 1 1 - 6 4 
1 . 3 ' 
D r y 
We t 
Wet 
D r y 
Wet 
Wet 
V e r y D r y 










6 . 1 
2 . 7 
7 . 1 
2 ^ . 4 
4 2 . 3 
2 . 7 
265 
184 
























B e a r C r e e k S F - 2 
4 - 7 - 6 4 
2 - 1 0 - 6 5 
3 - 2 5 - 6 4 
3 = 1 4 - 6 4 
P i n e T r e e B r a n c h 
3 - 8 - 6 0 
1 0 - 2 7 - 6 4 
1 1 = 1 7 - 5 8 
1 1 - 1 3 = 5 7 
4 - 1 5 = 5 8 
4 - 1 0 - 6 2 
3 = 1 6 = 6 3 
1 = 2 1 = 5 9 
Wet 
Wet 
D r y 
D r y 
Wet 
D r y 
Wet 
Wet 
V e r y Wet 
V e r y Wet 
Wet 
1 . 6 8 
2 . 3 9 
3 . 0 8 
1 . 3 0 
1 . 6 0 





9 7 2 
8 4 8 
5 3 2 
9 8 1 
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, 1 7 
, 0 7 
, 7 
. 1 8 
2 6 . 9 
1 . 6 2 






















P r e - A n a l y s i s S t e p s 
Two p r e - a n a l y s i s s t e p s t h a t h a v e a g r e a t e f f e c t o n a n y h y d r o -
g r a p h s t u d y a r e b a s e - f l o w s e p a r a t i o n and e f f e c t i v e - r a i n f a l l d e t e r m i n a ­
t i o n . T h e s e t w o p r o c e d u r e s c a n h a v e a g r e a t i n f l u e n c e o n t h e o u t c o m e o f 
a n y s t u d y . A n y p r o c e s s u s e d t o d e t e r m i n e b a s e f l o w and e f f e c t i v e r a i n f a l l 
s h o u l d be a s h y d r o l o g i c a l l y c o r r e c t a s p o s s i b l e . 
B a s e - F l o w S e p a r a t i o n 
Many h y d r o g r a p h s t u d i e s h a v e c o n c e n t r a t e d o n t h e s u r f a c e f l o w 
h y d r o g r a p h . T o s e p a r a t e w h a t i s s u r f a c e f l o w f r o m t h e t o t a l f l o w r e c o r d , 
m e t h o d s h a v e b e e n d e v e l o p e d t o e s t i m a t e a n d s u b t r a c t t h e i n c r e a s i n g 
g r o u n d w a t e r f l o w f r o m t h e s t o r m r e s p o n s e . T h e s e m e t h o d s o f t r e a t i n g 
t h e h y d r o g r a p h h a v e b e e n w i d e l y u s e d a n d a c c e p t e d . 
s u r f a c e r u n o f f , g r o u n d w a t e r f l o w , a n d i n t e r f l o w - - a r e c o n s i d e r e d i n t h e 
a n a l y s i s . B a s e f l o w , i n t h i s c o n t e x t , i s t h e f l o w t h a t w o u l d h a v e 
o c c u r r e d h a d t h e r e b e e n no r a i n f a l l . T h i s f l o w i s e s t i m a t e d b y f i t t i n g 
a n e x p o n e n t i a l r e c e s s i o n t o t h e s t r e a m f l o w o c c u r r i n g i m m e d i a t e l y b e f o r e 
t h e s t o r m . T h i s e x p o n e n t i a l i s e x t e n d i n g u n d e r t h e s t o r m r e s p o n s e a n d i s 
s u b t r a c t e d f r o m t h e t o t a l s t r e a m f l o w . T h e r e s u l t i n g c u r v e i s t e r m e d t h e 
o b s e r v e d h y d r o g r a p h . 
A s i m p l i f i c a t i o n o f t h i s p r o c e d u r e was a p p l i e d t o t h e d a t a i n 
t h i s s c u d y . F o r t h e p u r p o s e o f t h i s s t u d y a s i m p l e s t r a i g h t l i n e s u f ­
f i c i e n t l y r e p r e s e n t e d t h e a c t u a l b a s e - f l o w r e c e s s i o n . T h e a c t u a l r e c e s ­
s i o n s f o r t h e s e s m a l l w a t e r s h e d s a r e v e r y n e a r l y h o r i z o n t a l l i n e s . 
T h e r e f o r e , i n t h i s s t u d y , a s i n t h e e a r l i e r w o r k w i t h t h i s m o d e l , t h e 
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h y d r o g r a p h s s t u d i e d were d e r i v e d by m e r e l y s u b t r a c t i n g t h e flow a t t h e 
b e g i n n i n g of t h e r i s e of t h e h y d r o g r a p h from a l l o r d i n a t e s of t h e 
s t r eamf low r e c o r d . 
Ef f e c t i v e - R a i n f a l l De-, a m i n a t i o n 
E f f e c t i v e - r a i n f a l l d e t e r m i n a t i o n i s t h e p r o c e s s of c o n v e r t i n g 
t h e volume of w a t e r i n t h e o b s e r v e d h y d r o g r a p h i n t o amounts of r a i n f a l l 
d i s t r i b u t e d i n t i m e . The p r o c e s s i s d i r e c t e d by c o n t i n u i t y -= i n p u t must 
equa l o u t p u t . The t o t a l amount of r a i n f a l l d i s t r i b u t e d i s t h e d e p t h of 
w a t e r needed t o cover t h e w a t e r s h e d a r e a t o c r e a t e a volume of w a t e r 
equa l t o t h e volume of w a t e r c o n t a i n e d i n t h e h y d r o g r a p h . 
S e v e r a l t e c h n i q u e s have been d e v e l o p e d t o d e t e r m i n e how t h e 
r a i n f a l l o c c u r r i n g a s s t r e a m f l o w i s a b s t r a c t e d from t h e r e c o r d e d r a i n ­
f a l l . These t e c h n i q u e s , fo r t h e most p a r t , a r e based upon i n f i l t r a t i o n 
c a p a c i t i e s . Any a p p l i c a t i o n of t h e s e t e c h n i q u e s shou ld be t empered w i t h 
a knowledge of t h e w a t e r s h e d i n v o l v e d . For example , low i n t e n s i t i e s of 
r a i n f a l l might t h e o r e t i c a l l y be e n t i r e l y abso rbed i n t h e upper l a y e r s of 
s o i l o However, i n a r e a l w a t e r s h e d t h e r e a r e tr»e s u r f a c e s of s t r e a m s 
and i m p e r v i o u s a r e a s which i m m e d i a t e l y c o n v e r t any r a i n f a l l t o s t r e a m -
f low. Wate rshed c h a r a c t e r i s t i c s shou ld be c a r e f u l l y c o n s i d e r e d i n a p p l y ­
ing any method of e f f e c t i v e - r a i n f a l l d e t e r m i n a t i o n . 
No s t r i c t numeric t e c h n i q u e was used i n t h i s s t u d y t o d e t e r m i n e 
e f f e c t i v e r a i n f a l l . However, s e v e r a l g e n e r a l r u l e s were used t o g u i d e 
d i s t r i b u t i o n of e f f e c t i v e - r a i n f a l l amoun t s . One p r i n c i p l e used was t h a t 
e a r l y i n a s to rm l a r g e p e r c e n t a g e s of r a i n f a l l a r e used t o r e p l e n i s h s o i l 
m o i s t u r e . E f f e c t i v e r a i n f a l l . , t h e r a i n f a l l t h a t makes up t h e hydrograpru, 
i s t h e r e f o r e a s m a l l e r p e r c e n t a g e of t o t a l r a i n f a l l d u r i n g t h e f i r s t 
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PERIODS OF A STORM THAN DURING LATER P E R I O D S . THE AMOUNT OF RAINFALL 
THAT DOES NOT APPEAR I N THE HYDROGRAPH APPROACHES A CONSTANT SMALL 
AMOUNT OF EACH INCREMENT OF STORM RAINFALL AS THE EVENT PROGRESSES. A 
THIRD P R I N C I P L E RELATES TO THE EXAMPLE CITED ABOVE 0 FOR LOW I N T E N S I ­
T I E S OF RAINFALL, THE RAIN THAT FALLS ON IMPERVIOUS AREAS AND ON 
STREAMS APPEARS I N THE HYDROGRAPH. THUS, FOR EVEN LOW I N T E N S I T I E S OF 




T h e r e a r e s e v e r a l c r i t e r i a w h i c h a h y d r o g r a p h a n a l y s i s t e c h ­
n i q u e s h o u l d m e e t i n o r d e r t o be u s e f u l t o h y d r o l o g i s t S o T h e r e s u l t s 
f r o m a n a n a l y s i s t e c h n i q u e s h o u l d d e t e r m i n e i f t h e t e c h n i q u e m e e t s 
t h e s e t e s t s . T h e o v e r r i d i n g c r i t e r i o n i s w h e t h e r t h e t e c h n i q u e p r o ­
v i d e s r e a s o n a b l e r e s u l t s . R e a s o n a b l e , i n t h i s c o n t e x t , means t h a t t h e 
r e s u l t s d o n o t c o n t r a d i c t b a s i c p r i n c i p l e s o f h y d r o l o g y . U n i t r e s p o n s e s 
s h o u l d b e r e a s o n a b l e u n i t h y d r o g r a p h s f o r t h e w a t e r s h e d s c o n s i d e r e d . 
A l s o , t h e a n a l y s i s m u s t show t h a t t h e t e c h n i q u e i s c a p a b l e o f r e - c r e a t i n g 
o b s e r v e d e v e n t s . The c l o s e n e s s o f t h e f i t o f t h e o b s e r v e d h y d r o g r a p h i s 
a m e a s u r e o f t h e q u a l i t y o f t h e t e c h n i q u e . A t h i r d m e a s u r e o f u s e f u l n e s s 
i s w h e t h e r t h e t e c h n i q u e c r e a t e s new k n o w l e d g e . D o e s t h e t e c h n i q u e p r o ­
v i d e i n f o r m a t i o n t h a t o t h e r t e c h n i q u e s d o n o t ? D o e s t h e a n a l y s i s p r o v i d e 
some m i s s i n g b i t o f i n f o r m a t i o n ? 
T h e r e s u l t s o f t h i s s t u d y r e v e a l t h a t t h e t e c h n i q u e d o e s m e e t t h e 
a b o v e c r i t e r i a . T h e d e r i v e d h y d r o g r a p h s a r e s h o w n t o be c o n s i s t e n t w i t h 
t h e w a t e r s h e d s i n v o l v e d . Good f i t s o f t h e o b s e r v e d e v e n t s a r e o b t a i n e d . 
A l s o , new i n f o r m a t i o n a b o u t t h e l i n e a r i t y o f t h e w a t e r s h e d r e s p o n s e i s 
r e v e a l e d . 
2 i r e c t fiesuits 
U n i t H y d r o g r a p h s 
R a t i o n a l i t y . A v i s u a l i n s p e c t i o n o f t h e n o n - l i n e a r u n i t r e s p o n s e s 
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i n d i c a t e s t h a t t h e a n a l y s i s t e c h n i q u e p r o d u c e s r e a s o n a b l e r e s u l t s for 
t h e w a t e r s h e d s c o n s i d e r e d . Most of t h e u n i t r e s p o n s e s p l o t t e d i n d i c a t e 
s to rm r u n o f f p a t t e r n s which a r e r a t i o n a l fo r t h e w a t e r s h e d s i n v o l v e d . 
F i g u r e 6 shows u n i t r y d r o g r a p h s from v a r i o u s s t o r m s which a r e t y p i c a l 
for each of t h e four w a t e r s h e d s . A l though t h e r e i s a g r e a t d i f f e r e n c e 
i n t h e h y d r o g r a p h s p l o t t e d i n F i g u r e 6, t h e s e u n i t r e s p o n s e s r e p r e s e n t 
flow p a t t e r n s which cou ld have o c c u r r e d . 
V a r i a t i o n s W i t h i n S t o r m s . V a r i a t i o n s of r e s p o n s e s w i t h i n a s torm 
e v e n t i n d i c a t e t h a t t h e w a t e r s h e d i s r e s p o n d i n g d i f f e r e n t l y t o r a i n f a l l 
i n p u t s . The d e g r e e of v a r i a b i l i t y of t h e u n i t r e s p o n s e s i s a d i r e c t 
measure of t h e n o n - l i n e a r i t y of t h e w a t e r s h e d r e s p o n s e . 
AH e v e n t s showed v a r i a t i o n s i n t h e u n i t r e s p o n s e s t o some d e g r e e . 
Two t y p i c a l s e r i e s of u n i t r e s p o n s e s a r e shown i n F i g u r e s 7 and 8. 
A l though b o t h s e r i e s of h y d r o g r a p h s a r e from t h e P i n e T r e e Branch d a t a , 
t h e y a r e t y p i c a l of t h e t y p e s of r e s p o n s e s shown by a l l of t h e w a t e r ­
s h e d s . I t should be noted t h a t t h e peak f lows of t h e u n i t h y d r o g r a p h s 
i n F i g u r e 7 i n c r e a s e a s t h e e v e n t p r o g r e s s e s , , The peak flow of t h e 
l a s t u n i t r e s p o n s e i s abou t 175 p e r c e n t of t h e peak flow of t h e f i r s t 
u n i t r e s p o n s e . An o p p o s i t e t r e n d i s shown i n F i g u r e 8. The u n i t peak 
f lows fo r each r e s p o n s e of t h i s e v e n t d e c r e a s e a s t h e e v e n t p r o g r e s s e s . 
The f i n a l r e s p o n s e of t h i s s e r i e s of h y d r o g r a p h s h a s a peak flow which 
i s o n l y 25 p e r c e n t of t h e peak flow of t h e f i r s t u n i t r e s p o n s e . These 
two s e q u e n c e s of u n i t h y d r o g r a p h s i n d i c a t e t h a t p o s s i b l y d i f f e r e n t 
phenomena a r e c o n t r o l l i n g t h e snape of t h e h y d r o g r a p h i n t h e s e two 
c a s e s . At any r a t e , t h e two a n a l y z e d e v e n t s r e p r e s e n t p o s i t i v e e v i ­
dence of t h e n o n = l i n e a r i t y of t h e w a t e r s h e d r e s p o n s e . 
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F i g u r e 7 . U n i t H y d r o g r a p h s f o r t h e P i n e T r e e B r a n c h 
W a t e r s h e d S t o r m o f O c t o b e r 2 7 , 1 9 6 4 . 
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F i g u r e 8 . U n i t H y d r o g r a p h s f o r t h e P i n e T r e e B r a n c h 
W a t e r s h e d S t o r m o f A p r i l 1 5 , 1 9 5 8 . 
F i t t i n g Observed E v e n t s 
An i m p o r t a n t t e s t of an a n a l y s i s t e c h n i q u e i s how w e l l i t can 
r e - c r e a t e obse rved even t s . . The d e g r e e of f i t of t h e obse rved e v e n t i s 
a measure of t h e f l e x i b i l i t y of t h e t e c h n i q u e , , The q u a l i t y of f i t a l s o 
o f f e r s e v i d e n c e t h a t the model cou ld r e p r e s e n t t h e w a t e r s h e d p r o c e s s . 
A model t h a t w i l l no t c l o s e l y f i t an o b s e r v e d e v e n t i s a model t h a t 
d o e s not w e l l r e p r e s e n t t h e w a t e r s h e d s y s t e m . 
H y d r o g r a p h s . Good t o e x c e l l e n t f i t s were o b t a i n e d for a l l of 
t h e e v e n t s a n a l y z e d . F i g u r e 9 shows t y p i c a l f i t s o b t a i n e d i n t h e s t u d y . 
The b e s t f i t i s shown a t t h e t o p of F i g u r e 9 . In t h i s example t h e p r e ­
d i c t e d h y d r o g r a p h o v e r l a p s t h e o b s e r v e d h y d r o g r a p h fo r n e a r l y t h e whole 
l e n g t h of r e c o r d . The m i d d l e h y d r o g r a p h s i n F i g u r e 9 r e p r e s e n t a d e g r e e 
of f i t which i s p r o b a b l y most r e p r e s e n t a t i v e of t h e f i t s o b t a i n e d from 
t h e e v e n t s a n a l y z e d . In t h i s c a s e t h e p r e d i c t e d h y d r o g r a p h peak comes 
t o w i t h i n 10 p e r c e n t of t h e obse rved p e a k . T he f i t of t h e o b s e r v e d 
r e c e s s i o n i s no t a s good a s t h a t of t h e t o p example . The example a t t h e 
bo t tom of F i g u r e 9 i s one of t h e r e l a t i v e l y p o o r e s t f i t s o b t a i n e d i n t h e 
a n a l y s i s . Ye t 9 t h i s f i t i s s t i l l a c c e p t a b l e by most s t a n d a r d s . The p r e ­
d i c t e d peak i s l e s s t h a n 5 pe r c e n t g r e a t e r t h a n t h e o b s e r v e d p e a k . The 
p r e d i c t e d t i m e t o peak i s 18 h o u r s w h e r e a s t h e a c t u a l t i m e t o peak i s 16 
hourso The w o r s t f e a t u r e i n t h i s example i s t h e d i f f e r e n c e i n t h e observed 
and p r e d i c t e d r e c e s s i o n s . 
C o r r e l a t i o n C o e f f i c i e n t s , The c o r r e l a t i o n c o e f f i c i e n t i s a s t a ­
t i s t i c a l measure of the d e g r e e of f i t . The c l o s e r t h e c o r r e l a t i o n coe f ­
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Figure 9 . Examples of Fits of Observed Hydrographs. 
Observed hydrograph — Predicted hydrograph 
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T h e e v e n t s a n a l y z e d p r o d u c e d c o r r e l a t i o n c o e f f i c i e n t s c l o s e t o 
o n e . T h e v a l u e s o f t h e c o r r e l a t i o n c o e f f i c i e n t s f o r t h e t h r e e e x a m p l e s 
o f F i g u r e 9 a r e , f r o m t o p t o b o t t o m , 0 . 9 9 8 , 0 o 9 8 6 , a n d 0 . 9 7 2 . T h e a v e r ­
a g e c o r r e l a t i o n c o e f f i c i e n t f o r a l l e v e n t s w a s 0 . 9 7 3 . 
C h a r a c t e r i s t i c F u n c t i o n 
A n o t h e r f a c e t o f t h e r e s u l t s i s t h e c h a r a c t e r i s t i c f u n c t i o n . I t 
i s a s s u m e d t h a t t h e s h a p e o f t h e c h a r a c t e r i s t i c f u n c t i o n g i v e s some 
i n d i c a t i o n o f how a r e a s o f t h e w a t e r s h e d a r e p r o d u c i n g r u n o f f . C o n s i s ­
t e n c y i n t h e s h a p e s o f c h a r a c t e r i s t i c f u n c t i o n s f r o m t h e same w a t e r s h e d 
f o r d i f f e r e n t e v e n t s i s a s s u m e d t o be a n i n d i c a t i o n o f t h e d e g r e e t o 
w h i c h t h e w a t e r s h e d i s c o n s i s t e n t i n r u n o f f p r o d u c t i o n . Some v a r i a ­
t i o n s i n t h e s h a p e s o f t h e c h a r a c t e r i s t i c c u r v e s h o u l d be e x p e c t e d . I n 
s p i t e o f l i m i t i n g t h e s t u d y t o w i n t e r s t o r m s o n f o r e s t e d w a t e r s h e d s , 
v a r i a b l e f a c t o r s m i g h t s t i l l a f f e c t t h e s h a p e o f t h e c h a r a c t e r i s t i c 
c u r v e . 
F a i r l y c o n s i s t e n t c h a r a c t e r i s t i c f u n c t i o n s w e r e o b t a i n e d f o r 
a l l t h e w a t e r s h e d s . T h e s e c h a r a c t e r i s t i c f u n c t i o n s a r e s h o w n i n F i g u r e 
1 0 . P i n e T r e e B r a n c h a n d B e a r C r e e k S F - 1 w a t e r s h e d s h a v e t h e m o s t 
c o n s i s t e n t c h a r a c t e r i s t i c f u n c t i o n s . T h e c h a r a c t e r i s t i c c u r v e s o f 
B e a r C r e e k S F - 2 a n d W h i t e H o l l o w w a t e r s h e d s a r e s o m e w h a t m o r e v a r i a b l e . 
T h e R o u t i n g F u n c t i o n 
T h e r o u t i n g f u n c t i o n , w h i c h s u p p l i e s t h e e l e m e n t o f n o n - l i n e a r i t y 
i n t h e m o d e l , d e t e r m i n e s the s h a p e s o f t h e u n i t r e s p o n s e s . A m e a s u r e 
o f t h e v a r i a b i l i t y o f the r o u t i n g f u n c t i o n i s a l s o a m e a s u r e o f t h e 
v a r i a b i l i t y o f t h e w a t e r s h e d r e s p o n s e . 
T h e v a l u e o f t h e s t o r a g e c o e f f i c i e n t , K, f r o m t h e r o u t i n g e q u a t i o n , 
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S t o r m s 
1 1 - 2 5 - 6 4 
3 - 8 -56 
1 2 - 1 1 - 6 4 
1 2 - 7 - 5 7 
i—• 1 0 - 1 8 - 6 6 
3 -25 -64 
2 -11 -65 
2 - 1 0 - 6 5 
— . . — 4 - 7 -64 
4 - 7 -64 
2 - 1 0 - 6 5 
3 -25 -64 
-i . 3 -14 -64 
4 - 1 0 - 6 2 
1 1 - 1 7 - 5 8 
10 -27 -64 
. _ 3 - 8 - 6 0 
_, 4 - 1 5 - 5 8 
F i g u r e 10 . C h a r a c t e r i s t i c C u r v e s . 
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(7) 1 - t / q = K e 
i s a measure of t h e shape of t h e r o u t i n g f u n c t i o n . K i s measured i n 
t i m e u n i t s . I t i s t h e d i s t a n c e t o t h e c e n t r o i d of t h e a r e a below t h e 
r o u t i n g c u r v e . The v a l u e of K i s a l s o s i g n i f i c a n t t o t h e r o u t i n g 
p r o c e s s . For an i n s t a n t a n e o u s i n p u t , or r u n o f f , r o u t e d by E q u a t i o n 
(7), h a l f of t h e i n p u t w i l l have p a s s e d o u t of t h e w a t e r s h e d by K 
t i m e u n i t s . 
Values of t h e s t o r a g e c o e f f i c i e n t s from t h i s s t u d y r e f l e c t a 
g r e a t d e a l of v a r i a t i o n i n t h e r e s p o n s e s of t h e w a t e r s h e d s for t h e 
s t o r m s s t u d i e d . Maximum and minimum v a l u e s of K a r e g i v e n i n T a b l e 2. 
.^nter jp_retat ion of R e s u l t s 
Simply o b t a i n i n g d a t a from a new a n a l y s i s t e c h n i q u e may be i n 
i t s e l f u n i m p o r t a n t . What i s i m p o r t a n t i s w h e t h e r t h e r e s u l t s can be 
used t o i n c r e a s e u n d e r s t a n d i n g of a h y d r o l o g i c e v e n t . Numeric r e s u l t s 
have l i t t l e s i g n i f i c a n c e u n l e s s t h e y can s u p p l y new knowledge . 
Tne p u r p o s e of an a n a l y s i s i s t o f i n d o u t how and why an 
obse rved e v e n t o c c u r r e d . R e s u l t s of an a n a l y s i s a r e u s e f u l i f some 
r e l a t i o n s h i p s can be found t o a c c o u n t fo r what h a s been o b s e r v e d . In 
a h y d r o g r a p h s t u d y such, as t h i s , tne r e l a t i o n s h i p be tween w a t e r s h e d 
c h a r a c t e r i s t i c s and t he shape of t h e h y d r o g r a p h i s t h e r e l a t i o n s h i p 
i n v e s t i g a t e d . 
In t h i s r e s e a r c h , s t a t i s t i c a l c o r r e l a t i o n s of w a t e r s h e d c h a r ­
a c t e r i s t i c s w i t h a n a l y s i s p a r a m e t e r s i s no t p r u d e n t b e c a u s e of l i m i t e d 
d a t a and b e c a u s e of l i m i t e d e x p e r i e n c e w i t h t h e mode l . However, f i n d i n g 
f a c t o r s which e f f e c t t h e s h a p e s of t h e c h a r a c t e r i s t i c c u r v e s and r o u t i n g 
Table 2 . Maximum and Minimum Values of the 
Routing Coefficient 
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White Hollow 1 1 - 2 5 - 6 4 
12 -11 -64 
3 - 8 -56 
12= 7 - 5 7 
5 9 9 . 0 
3 2 . 5 







2 -10 -65 
2 - 1 1 - 6 5 
4 - 7 -64 













1 2 1 . 8 
3 5 . 0 
8 .7 
1.7 
4 . 6 
4 . 2 




3 - 8=60 
4 - 1 0 - 6 2 
11=17-58 
4 - 1 5 - 5 8 
37o2 
3 , 1 
1 1 . 7 
31 .6 
2 . 7 
5 .9 
0 . 7 
6 . 2 
5 .7 
4 4 
c u r v e s and f i n d i n g t r e n d s i n u n i t - r e s p o n s e v a r i a t i o n s a r e m a t t e r s w h i c h 
s h o u l d be c o n s i d e r e d . 
T h e C h a r a c t e r i s t i c C u r v e 
T h e r e s h o u l d b e some r e l a t i o n s h i p b e t w e e n t h e c h a r a c t e r i s t i c 
c u r v e and t h e s h a p e o f t h e w a t e r s h e d . As m e n t i o n e d i n C h a p t e r I I , s e v ­
e r a l l i n e a r m o d e l s h a v e b e e n b a s e d u p o n r o u t i n g t i m e - a r e a c u r v e s t h r o u g h 
l i n e a r r e s e r v o i r s t o c r e a t e u n i t h y d r o g r a p h s . O b t a i n i n g h y d r o g r a p h s i n 
t h i s way i s n o t new , a n d d o e s h a v e m e r i t . 
T h e p r i m e q u e s t i o n now i s how s i m i l a r a r e t h e t i m e - a r e a c u r v e s 
and t h e s t a t i s t i c a l l y d e r i v e d c h a r a c t e r i s t i c c u r v e s . E a r l i e r i n v e s t i ­
g a t o r s [ C l a r k , 1 9 4 5 | S i n q h , 1 9 6 4 ] h a v e s h o w n t h a t r o u t i n g t h e t i m e - a r e a 
c u r v e s d o e s g i v e g o o d u n i t h y d r o g r a p h s . H o w e v e r , a r e t h e t i m e - a r e a c u r v e s 
w h i c h g i v e g o o d h y d r o g r a p h s s i m i l a r t o t h e s t a t i s t i c a l l y d e r i v e d c h a r a c ­
t e r i s t i c c u r v e s w h i c h s u p p o s e d l y g i v e t h e b e s t h y d r o g r a p h s ? 
C o m p a r i s o n s w e r e made o f t h e d e r i v e d c h a r a c t e r i s t i c c u r v e s a n d 
t h e t i m e - a r e a c u r v e s o f t h e w a t e r s h e d s . T h e s e t w o c u r v e s f o r e a c h w a t e r ­
s h e d a r e s h o w n i n F i g u r e 1 1 . T h e m e t h o d o f d e t e r m i n i n g t h e t i m e - a r e a 
c u r v e s i s d i s c u s s e d i n A p p e n d i x A . 
The c h a r a c t e r i s t i c c u r v e s s h o w n i n F i g u r e 1 1 a r e n o t s i m i l a r t o 
t h e t i m e - a r e a c u r v e s . The b e s t a g r e e m e n t b e t w e e n t h e s e t w o c u r v e s 
a p p e a r s w i t h t h e B e a r C r e e k S F - 2 w a t e r s h e d . T h e t w o c o r r e s p o n d i n g 
c u r v e s f o r t h e o t h e r t h r e e w a t e r s h e d s a r e q u i t e d i s s i m i l a r . 
V a r i a t i o n s i n R e s p o n s e 
One p u r p o s e o f t h i s s t u d y w a s t o f i n d w h a t e f f e c t s r a i n f a l l 
i n t e n s i t i e s h a v e o n t h e s h a p e s o f t h e u n i t h y d r o g r a p h s . S e v e r a l s t u d ­
i e s [ M i n s h a l l , 19605 S i n £ h , 1 9 6 4 ^ P r a s a d , 1 9 6 7 ] h a v e s h o w n t h a t u n i t -
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c f s / i n 
B e a r C r e e k S F - 2 W h i t e H o l l o w 
F i g u r e 1 1 . C h a r a c t e r i s t i c C u r v e s a n d T i m e - A r e a H i s t o g r a m s . 
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h y d r o g r a p h p e a k f l o w s i n c r e a s e ( a n d t i m e s t o p e a k d e c r e a s e ) w i t h i n c r e a s e s 
i n r a i n f a l l i n t e n s i t y . T h e p e a k f l o w r a i n f a l l i n t e n s i t y r e l a t i o n s h i p 
h a s b e e n p a r t l y s u b s t a n t i a t e d b y t h i s s t u d y . 
An a n a l y s i s o f a v e r a g e u n i t r e s p o n s e s r e v e a l e d t h a t t w o o f t h e 
f o u r w a t e r s h e d s a p p e a r t o h a v e h i g h e r p e a k f l o w s f o r h i g h e r a v e r a g e 
i n t e n s i t i e s o f r a i n f a l l . T h i s r e l a t i o n s h i p c a n b e n o t e d i n F i g u r e 12 , 
T h i s i l l u s t r a t i o n i s a p l o t o f a v e r a g e s t o r m i n t e n s i t i e s a n d a v e r a g e 
u n i t - h y d r o g r a p h p e a k f l o w s . P o i n t s r e p r e s e n t i n g s t o r m s o n P i n e T r e e 
B r a n c h a n d B e a r C r e e k S F - 2 w a t e r s h e d s show a t e n d e n c y f o r t h e u n i t h y d r o -
g r a p h s t o h a v e h i g h e r p e a k f l o w s f o r h i g h e r a v e r a g e i n t e n s i t i e s o f r a i n ­
f a l l . 
An a t t e m p t t o c o r r e l a t e i n d i v i d u a l u n i t - h y d r o g r a p h p e a k f l o w s 
w i t h i n t e n s i t i e s o f r a i n f a l l w i t h i n s t o r m s w a s n o t s u c c e s s f u l . The 
m o d e l i s s t r u c t u r e d i n s u c h a w a y t h a t i f r a i n f a l l i n t e n s i t y d o e s a c t u a l l y 
e f f e c t t h e w a t e r s h e d r e s p o n s e d u r i n g a s t o r m , t h e e f f e c t i s n o t made e v i ­
d e n t . R a i n f a l l i n t e n s i t y w o u l d h a v e t o be c o r r e l a t e d t o t h e r o u t i n g 
p a r a m e t e r s , f l o w a n d c h a n g e i n f l o w , t o show i t s e f f e c t t h r o u g h t h i s 
m o d e l . T h e r e was no s u c h c o r r e l a t i o n i n t h e s t o r m s u s e d i n t h i s s t u d y . 
L i m i t a t i o n s o f t h e T e c h n i q u e 
A m e a s u r e o f t h e s u c c e s s o f a h y d r o g r a p h a n a l y s i s t e c h n i q u e i s how 
r e l i a b l y t h e t e c h n i q u e p r o d u c e s r e s u l t s w h i c h a r e h y d r o l o g i c a l l y r e a s o n ­
a b l e . I t i s n o t s u f f i c i e n t t h a t m e a n i n g f u l r e s u l t s c a n be o b t a i n e d 
f r o m some s t o r m s . M e a n i n g f u l r e s u l t s s h o u l d be o b t a i n e d f r o m m o s t o f 
t h e e v e n t s a n a l y z e d . 
T h i s s t u d y w a s n o t a s s u c c e s s f u l a s t h e e a r l i e r w o r k w i t h t h i s 
- _ l 1 J , I l _ _ 
.10 .20 .30 . 40 .50 
A v e r a g e R a i n f a l l I n t e n s i t y ( i n / h r ) 
F i g u r e 12 . A v e r a g e U n i t H y d r o g r a p h P e a k F l o w s v s . 
A v e r a g e R a i n f a l l I n t e n s i t i e s . 
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m o d e l . S e v e r a l p r o b l e m s w e r e e n c o u n t e r e d w h i c h w e r e n o t e v i d e n t i n t h e 
e a r l i e r a p p l i c a t i o n o f t h i s m o d e l . T h e p r o b l e m s w e r e c o m p u t a t i o n a l i n 
n a t u r e . A f e w o f t h e d i f f i c u l t i e s w e r e s e v e r e a n d p r e v e n t e d t h e u s e o f 
some e v e n t s i n t h e a n a l y s i s . H o w e v e r , m o s t o f t h e p r o b l e m s w e r e m i n o r 
a n d , a l t h o u g h s i g n i f i c a n t , d i d n o t p r e v e n t u s e o f t h e d a t a . 
T a b l e s 3 and 4 l i s t t h e p r o b l e m s e n c o u n t e r e d i n t h i s s t u d y . 
T h e y w e r e e i t h e r r e l a t e d t o t h e o p t i m i z i n g t e c h n i q u e ( T a b l e 3) o r 
i n v o l v e d u n i t r e s p o n s e s w h i c h w e r e t o o l a r g e o r t o o s m a l l ( T a b l e 4 ) . 
O p t i m i z i n g Te : h n i g i i _ e 
T h e i t e r a t i v e p r o c e s s o f n o n - l i n e a r l e a s t s q u a r e s a n d c o m p o n e n t s 
r e g r e s s i o n was u s e d t o make c o r r e c t i o n s t o t h e m o d e l p a r a m e t e r s t o 
i m p r o v e t h e f i t o f t h e r e - c r e a t e d h y d r o g r a p h t o t h e o b s e r v e d h y d r o g r a p h . 
An a r t i f i c i a l s t o r m h y d r o g r a p h o b t a i n e d b y i n p u t v a l u e s o f t h e p a r a m = 
e t e r s i s a n a l y z e d t o f i n d w h a t c o r r e c t i o n s n e e d t o be made t o i m p r o v e 
t h e f i t o f t h i s h y d r o g r a p h w i t h t h e o b s e r v e d e v e n t . T h e s e c o r r e c t i o n s 
a r e made t o t h e p a r a m e t e r c o e f f i c i e n t s and a new p r e d i c t e d h y d r o g r a p h i s 
c o m p u t e d . T h e p r o c e s s i s r e p e a t e d a N o r m a l l y , t h e c o r r e c t i o n s t o t h e m o d e l 
p a r a m e t e r s b e c o m e s m a l l e r w i t h e a c h i t e r a t i o n u n t i l t h e c o r r e c t i o n s no 
l o n g e r s i g n i f i c a n t l y a f f e c t t h e p a r a m e t e r c o e f f i c i e n t s . A p r o b l e m 
e x i s t s i f t h e c o r r e c t i o n s do n o t b e c o m e i n s i g n i f i c a n t a f t e r a n u m b e r o f 
i t e r a t i o n s . 
N.Q—jtesj j j l ts. , I n a f e w c a s e s the c o r r e c t i o n s made b y t h e o p t i m i z i n g 
t e c h n i q u e p r e v e n t e d t h e c o m p u t e r f r o m p r o d u c i n g a n y r e s u l t s . T h e c o r r e c -
t i o n s c a u s e d a r i t h m e t i c c o m p u t a t i o n s t o e x c e e d t h e a b i l i t y o f t h e c o m -
p u t e r . T h e p r o b l e m o c c u r r e d i n c o m p u t i n g o r d i n a t e s o f t h e r o u t i n g e q u a = 
t i o n , 
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Table 3. Failures of the Optimizing Routine 
Watershed Date of Non-Convergence Computer Failure 
Storm (No Results) 
White Holw 11-25=64 X 12-11-64 3- 8=56 X 12- 7-57 3~ 4-66* X 10-18-66* X Bear Creek 4- 7 -64 SF-1 2-10-65 3-25-64 X 2-11-64 3-14-64 Bear Creek 4- 7 -64 X SF-2 2-10-65 X 3-25=54 3-14-64 Pine Tree 3- 8-60 Branch 10-27=64 11-17-58 4-10-62 4-15-58 X 1-21-59* X 11-13-57* 
These events not retained in analysis. 
5 0 
T a b l e 4 Q E r r o r s i n V o l u m e t r i c C o n t i n u i t y 
W a t e r s h e d 
and D a t e 
o f S t o r m 
P e r C e n t 
E r r o r i n 
S i z e o f 
C h a r a c t e r i s t i ! 
C u r v e 
P e r C e n t 
E r r o r i n 
S i z e o f 
S m a l l e s t 
U n i t 
R e s p o n s e 
P e r C e n t 
E r r o r i n 
S i z e o f 
L a r g e s t 
U n i t 
R e s p o n s e 
N e g a t i v e 
U n i t 
R e s p o n s e 
W h i t e H o l l o w 
1 1 - 2 5 = 6 4 2 
1 2 = 1 1 - 6 4 =9 
3 - 8 = 5 6 5 
1 2 = 7 - 5 7 =13 
B e a r C r e e k S F - 1 
4= 7 - 6 4 =1 
2 = 1 0 - 6 5 - 7 
3 = 2 5 - 6 4 - 4 
2 = 1 1 = 6 4 - 7 
B e a r C r e e k S F - 2 
4 - 7 - 6 4 0 
2 - 1 0 = 6 5 =6 
3 - 2 5 - 6 4 - 3 
3 = 1 4 - 6 4 6 
P i n e T r e e B r a n c h 
3 - 8 - 6 0 -20 
1 0 - 2 7 - 6 4 - 3 
1 1 - 1 7 - 5 8 =3 
4 - 1 0 - 6 2 =10 
4 - 1 5 - 5 8 =11 
=90 - 3 
- 6 5 - 2 
- 8 8 Yes 
- 8 4 - 1 4 Y e s 
- 1 3 =1 
=25 - 1 
- 6 9 6 
= 14 1 




= 5 S = 1 3 
- 4 =3 
=15 =4 
=10 - 1 0 
=48 =3 
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(7) 1 ~ t / . * "Z K 6 
The o p t i m i z i n g t e c h n i q u e would make K v e r y s m a l l , and c o n s e q u e n t l y , 
t h e e x p o n e n t , t / K , would become t o o l a r g e fo r t h e c o m p u t e r . 
The o p t i m i z i n g t e c h n i q u e appea red t o be work ing i n c o r r e c t l y 
whenever t h i s p rob lem o c c u r r e d The c o r r e c t i o n s which make K v e r y 
smal l were u n r e a s o n a b l e when compared w i t h t h e c o r r e s p o n d i n g c o r r e c -
t i o n s i n p r e c e d i n g i t e r a t i o n s . 
T h i s p rob lem o c c u r r e d t w i c e w i t h t h e White Hollow d a t a and once 
w i t h t h e P i n e T r e e d a t a . The p rob lem was e l i m i n a t e d i n two of t h e s e 
c a s e s by r e l o c a t i n g t h e a n g l e p o i n t s of t h e c h a r a c t e r i s t i c f u n c t i o n and 
by u s ing a l a r g e r t i m e i n c r e m e n t . 
N o n - c o n v e r g e n c e . Another p rob lem i n v o l v i n g t h e o p t i m i z i n g 
r o u t i n e was n o n - c o n v e r g e n c e of t h e p a r a m e t e r s . The c o r r e c t i o n s made t o 
t h e p a r a m e t e r s a t each i t e r a t i o n would no t become s m a l l e r as t h e p r o c e ­
d u r e p r o g r e s s e d . I n s t e a d , t r e c o r r e c t i o n s t o one or more c o e f f i c i e n t s 
would be a l t e r n a t e l y p o s i t i v e and n e g a t i v e and would t h e r e f o r e c a u s e 
t h e c o e f f i c i e n t s t o o s c i l l a t e a c r o s s some band of v a l u e s . F o r t u n a t e l y , 
t h i s band of o s c i l l a t i o n was s u f f i c i e n t l y sma l l i n most c a s e s so t h a t 
f a i r l y a c c u r a t e a p p r o x i m a t i o n s of t he p a r a m e t e r c o e f f i c i e n t s cou ld be 
made. 
Al though l a c k of conve rgence d i d no t u s u a l l y p r e v e n t u se of 
e v e n t s i n t h e a n a l y s i s , non=convergence was s t i l l a s i g n i f i c a n t p r o b ­
lem. T h i s p rob lem i s s i g n i f i c a n t f o r two r e a s o n s . F i r s t , n o n - c o n v e r ­
gence may i n d i c a t e t h a t t h e o p t i m i z i n g t e c h n i q u e i s n o t work ing as 
e f f i c i e n t l y as i t s h o u l d . Second , n o n - c o n v e r g e n c e r e q u i r e s a l a r g e 
52 
amount of c o s t l y computer t i m e D 
There were n i n e n o n - c o n v e r g e n t e v e n t s i n t h e d a t a a n a l y z e d . 
T a b l e 3 shows t h a t t h e s e n o n - c o n v e r g e n t e v e n t s a r e d i s t r i b u t e d q u i t e 
e v e n l y among t h e fou r w a t e r s h e d s . S i x of t h e n o n - c o n v e r g e n t e v e n t s were 
r e t a i n e d i n t h e a n a l y s i s . 
V o l u m e t r i c C o n t i n u i t y 
The o t h e r c l a s s of p rob l ems e n c o u n t e r e d i n t h i s s t u d y i n v o l v e d 
v o l u m e t r i c c o n t i n u i t y , t h e v o l u m e t r i c c o n t i n u i t y p rob lem r e f e r s t o t h e 
c h a r a c t e r i s t i c c u r v e or t h e u n i t r e s p o n s e s b e i n g l a r g e r or s m a l l e r t h a n 
t h e s i z e r e q u i r e d fo r t h e c o r r e c t i n p u t - o u t p u t r e l a t i o n s h i p . 
The model was d e s i g n e d so t h a t a l l u n i t r e s p o n s e s would have t h e 
same a r e a . The r o u t i n g f u n c t i o n h a s a form such t h a t a l l u n i t r e s p o n s e s 
d e r i v e d from i t shou ld nave t h e same a r e a and t h a t t h i s a r e a shou ld be 
equa l t o t h e a r e a under t h e c h a r a c t e r i s t i c f u n c t i o n . F u r t h e r m o r e , i t i s 
assumed t h a t t h e f i t t i n g t e c h n i q u e w i l l make t h e a r e a of t h e c h a r a c t e r ­
i s t i c f u n c t i o n e q u i v a l e n t t o a volume of w a t e r one i n c h deep ove r t h e 
w a t e r s h e d a r e a . 
These p r o c e d u r e s t o m a i n t a i n v o l u m e t r i c c o n t i n u i t y d i d no t work 
a s w e l l i n t h i s s t u d y a 5 t h e y shou ld h a v e . T a b l e 4 i n d i c a t e s some of 
t h e p rob lems e n c o u n t e r e d p e r t a i n i n g t o c o n t i n u i t y . I t should be noted 
t h a t s e v e r a l of t h e c h a r a c t e r i s t i c c u r v e s a r e more t h a n 10 p e r c e n t 
l a r g e r o r s m a l l e r t h a n t h e i r c o r r e c t s i z e . A l s o , a number of e v e n t s 
have u n i t r e s p o n s e s whose a r e a s a r e mors t h a n 2^ pe r c e n t l a r g e r or 
s m a l l e r t h a n t h e a r e a of t h e c o r r e s p o n d i n g c h a r a c t e r i s t i c c u r v e . The 
magn i tude of t h e s e e r r o r s l i s t e d i n T a b l e 4 i n d i c a t e s t h a t a number of 
e v e n t s f a i l e d t o f o l l o w v o l u m e t r i c c o n t i n u i t y r e q u i r e m e n t s c l o s e l y . 
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Some v a r i a t i o n i n t h e s i z e s of c h a r a c t e r i s t i c c u r v e s and u n i t r e s p o n s e s 
i s e x p e c t e d . However, t h e d e g r e e of v a r i a b i l i t y w i t n e s s e d i n t h i s s t u d y 
i s a cause fo r c o n c e r n . 
S e v e r a l f a c t o r s could c a u s e t h e s e v a r i a t i o n s i n c h a r a c t e r i s t i c 
c u r v e s and u n i t r e s p o n s e c u r v e s . D i f f e r e n c e s i n t h e t o t a l a r e a s of t h e 
o b s e r v e d and p r e d i c t e d h y d r o g r a p h s cou ld r e s u l t i n an e r r o r i n t h e a r e a 
of t h e c h a r a c t e r i s t i c c u r v e . R o u t i n g f u n c t i o n s which c o n t a i n a r e a s 
l a r g e r o r s m a l l e r t h a n u n i t y could c a u s e e r r o r s i n t h e s i z e of t h e u n i t 
r e s p o n s e s and i n d i r e c t l y could c a u s e e r r o r s i n t h e a r e a under t h e c h a r ­
a c t e r i s t i c c u r v e s . 
Hydrograph T a i l s . V o l u m e t r i c c o n t i n u i t y i s m a i n t a i n e d o n l y i f 
t h e a r e a unde r t h e t o t a l p r e d i c t e d h y d r o g r a p h i s equa l t o t h e a r e a under 
t h e t o t a l o b s e r v e d h y d r o g r a p h . The o p t i m i z i n g t e c h n i q u e , however , d o e s 
no t o p e r a t e t o e s t a b l i s h a p r e d i c t e d h y d r o g r a p h t h a t i s t h e same g e o ­
m e t r i c s i z e a s t h e o b s e r v e d h y d r o g r a p h . The t e c h n i q u e o p e r a t e s t o b r i n g 
abou t t h e b e s t f i t of t h e o r d i n a t e s of t h e o b s e r v e d h y d r o g r a p h . C o n s e ­
q u e n t l y , t h e a r e a under t h e p r e d i c t e d o r d i n a t e s u s u a l l y a p p r o x i m a t e s t h e 
a r e a under t h e o b s e r v e d o r d i n a t e s . However, t h e a r e a s under t h e h y d r o -
g r a p h t a i l s , t h o s e p o r t i o n s of t h e h y d r o g r a p h s a f t e r t h e l a s t o r d i n a t e s , 
may be g r e a t l y d i f f e r e n t . , T h u s , t n e a r e a s under t h e p r e d i c t e d o r d i n a t e s 
may be e x a c t l y equa l t o t n e a r e a under t h e o b s e r v e d o r d i n a t e s b u t b e c a u s e 
of unequa l t a i l s t h e t o t a l a r e a s of t h e o b s e r v e d and p r e d i c t e d h y d r o g r a p h s 
may be s l i g h t l y d i f f e r e n t . 
S e v e r a l of t h e p r e d i c t e d h y d r o g r a p h s had t a i l s which a p p e a r e d t o 
be l a r g e r o r s m a l l e r t h a n t h e t a i l s of t h e c o r r e s p o n d i n g o b s e r v e d h y d r o -
g r a p h s . These d i f f e r e n c e s i n t h e t a i l s could a c c o u n t f o r d i f f e r e n c e s i n 
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t h e t o t a l a r e a s of t h e h y d r o g r a p h s 0 In t u r n , t h e r e s u l t of t h e s e d i f ­
f e r e n c e s i n t o t a l a r e a s cou ld be e r r o r s i n t h e s i z e s of c h a r a c t e r i s t i c 
and u n i t r e s p o n s e curves*, Norma l ly t h e s e e r r o r s would be s m a l l , b u t 
under some c i r c u m s t a n c e s t h e y may be s i g n i f i c a n t , , 
Rou t ing F u n c t i o n The form of t h e r o u t i n g e q u a t i o n , 
q = | . t / K (7) 
i s such t h a t t h e a r e a under t h i s c u r v e from z e r o t o i n f i n i t y i s a lways 
u n i t y . T h e o r e t i c a l l y , c o n v o l u t i o n of t h e c h a r a c t e r i s t i c c u r v e w i t h 
t h i s u n i t - a r e a r o u t i n g c u r v e shou ld a lways p r o d u c e u n i t h y d r o g r a p h s equa l 
i n a r e a t o t h e c h a r a c t e r i s t i c c u r v e . However, T a b l e 4 shows t h a t a few 
s to rms have h y d r o g r a p h s t h a t a r e q u i t e d i f f e r e n t i n s i z e from t h e c h a r ­
a c t e r i s t i c c u r v e . 
Uni t h y d r o g r a p h s which a r e l a r g e r t h a n t h e i r c o r r e s p o n d i n g 
c h a r a c t e r i s t i c c u r v e s a r e caused by u s i n g d i s c r e t e v a l u e s from t h e 
r o u t i n g f u n c t i o n . The use of d i s c r e t e v a l u e s from t h e r o u t i n g e q u a t i o n 
i s e s s e n t i a l l y r e p l a c i n g t h e r o u t i n g c u r v e with- a h i s t o g r a m d e t e r m i n e d 
by o r d i n a t e s of t h e r o u t i n g c u r v e . The a r e a of such a h i s t o g r a m , i n 
most c a s e s , i s a p p r o x i m a t e l y t h e same a s t h e a r e a under t h e r o u t i n g 
c u r v e . However, i n c a s e s where t h e r o u t i n g c u r v e i s i n i t i a l l y s t e e p , 
t n e a r e a of t h e h i s t o g r a m i s g r e a t e r t h a n t h e a r e a of t h e r o u t i n g c u r v e . 
C o n s e q u e n t l y , t h e c h a r a c t e r i s t i c c u r v e i s convolved w i t h a shape whose 
a r e a i s g r e a t e r t h a n u n i t y and t he r e s u l t i n g h y d r o g r a p h i s t h e r e f o r e 
g r e a t e r i n s i z e t h a n t h e c h a r a c t e r i s t i c c u r v e . 
In s e v e r a l c a s e s t h e prob lem caused by u s i n g o r d i n a t e s of t h e 
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r o u t i n g f u n c t i o n was e l i m i n a t e d by u s i n g i n t e g r a l s of t h e r o u t i n g f u n c ­
t i o n . 
The o t h e r e x t r e m e , u n i t r e s p o n s e s t h a t a r e t o o s m a l l , i s caused 
by uncommonly l a r g e s t o r a g e c o e f f i c i e n t s . When t h e s t o r a g e c o e f f i c i e n t 
becomes l a r g e , t h e a r e a under t h e r o u t i n g cu rve becomes s t r e t c h e d ou t i n 
t i m e . T h i s a r e a may be so ex t ended t h a t l e s s t h a n h a l f of t h e a r e a under 
t h e r o u t i n g c u r v e i s a c c o u n t e d fo r i n f i f t y or s i x t y t i m e u n i t s . 
I f t h e r e s u l t i n g smal l and e x t e n d e d h y d r o g r a p h r e p r e s e n t s a flow 
c o n d i t i o n which migh t o c c u r , t h e n t h e h y d r o g r a p h and t h e r o u t i n g cu rve 
a r e j u s t i f i e d , However, some of t n e r o u t i n g c u r v e s and t h e r e s u l t i n g 
h y d r o g r a p h s a p p e a r q u i t e u n r e a s o n a b l e . For example , one e v e n t p roduced 
a s t o r a g e c o e f f i c i e n t of ove r 500 h o u r s . A s t o r a g e c o e f f i c i e n t t h i s l a r g e 
a p p e a r s u n r e a s o n a b l e . 
Another p rob lem caused by t h e r o u t i n g f u n c t i o n was n e g a t i v e u n i t -
r e s p o n s e f u n c t i o n s . N e g a t i v e u n i t r e s p o n s e s ( s e e T a b l e 4) o c c u r r e d when­
eve r t h e s t o r a g e c o e f f i c i e n t , K, became l e s s t h a n z e r o . In many c a s e s 
n e g a t i v e r e s p o n s e s o c c u r r e d fo r p e r i o d s of l i t t l e r a i n f a l l . In t h e s e 
c a s e s , t h e e v e n t was s t i l l used i n t h e s t u d y . 
S i g n i f i c a n c e of C o n t i n u i t y E r r o r . The p rob lem of u n d e r - s i z e d o r 
o v e r - s i z e d u n i t r e s p o n s e s caused by t h e r o u t i n g f u n c t i o n b e i n g e i t h e r 
t oo l a r g e , t o o s m a l l , o r n e g a t i v e , i s a c a u s e fo r c o n c e r n . Al though 
s u b s t a n t i a l e r r o r s i n t h e u n i t r e s p o n s e s o n l y p r e v e n t e d u s e of two 
e v e n t s i n t h e a n a l y s i s ^ t h e s e e r r o r s a r e s i g n i f i c a n t fo r two r e a s o n s . 
F i r s t , t h e u n i t h y d r o g r a p n s a r e u n r e a s o n a b l e . Un i t r e s p o n s e s which 
c o n t a i n more or l e s s volume of r u n o f f t h a n i s c r e a t e d by one i n c h of 
e f f e c t i v e r a i n over t h e w a t e r s h e d a r e a a r e o b v i o u s l y i n c o r r e c t . The 
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n e g a t i v e r e s p o n s e i s , of c o u r s e , i m p o s s i b l e . The second r e a s o n fo r 
c o n c e r n i s t h a t r o u t i n g c u r v e v a r i a t i o n s have an e f f e c t on t h e s i z e 
and shape of t h e c h a r a c t e r i s t i c c u r v e . I f t h e r o u t i n g c u r v e s a r e t o o 
l a r g e or t o o s m a l l , t h e o p t i m i z i n g t e c h n i q u e compensa t e s by making t h e 
c h a r a c t e r i s t i c c u r v e l a r g e r or s m a l l e r . The v a r i a t i o n t h i s c a u s e s i n 
t h e c h a r a c t e r i s t i c c u r v e s from s to rm t o s to rm may o b s c u r e v a r i a t i o n s i n 
t h e c h a r a c t e r i s t i c c u r v e caused by s i g n i f i c a n t f a c t o r s . 
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CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
C o n c l u s i o n s 
N o n - l i n e a r i t y of Response 
The r e s u l t s of this s t u d y s u p p o r t t h e b e l i e f t h a t a n o n - l i n e a r 
r e l a t i o n s h i p d o e s e x i s t be tween r a i n f a l l and r u n o f f for t h e w a t e r s h e d s 
consideredo The r e s u l t s have shown no t o n l y t h a t t h e r e i s a v a r i a t i o n 
i n w a t e r s h e d r e s p o n s e be ;ween s t o r m s b u t a l s o t h a t t h e r e a r e v a r i a t i o n s 
i n r e s p o n s e w i t h i n s i n g l e e v e n t s . 
In a d d i t i o n t o s towing v a r i a t i o n s i n t h e w a t e r s h e d r e s p o n s e 
w i t h i n s t o r m s , t h e s t u d y h a s shown t h a t t h e s e v a r i a t i o n s a r e e r r a t i c . 
For example , two s t o r m s may a p p e a r s i m i l a r i n many ways b u t t h e a n a l y s i s 
w i l l r e v e a l two d i f f e r e n t t y p e s of r e s p o n s e v a r i a t i o n s . Uni t h y d r o g r a p h s 
from one s torm may become more peaked a s t he e v e n t p r o g r e s s e s , whereas 
t h e u n i t h y d r o g r a p h s from t h e o t h e r e v e n t may become l e s s peaked a s t h e 
s torm p r o g r e s s e s . 
The c o n c l u s i o n drawn from t h e s e r e s p o n s e v a r i a t i o n s i s t h a t t h e 
w a t e r s h e d i s n o t o n l y a n o n - l i n e a r sys tem b u t a l s o , t o some e x t e n t , a 
d i f f e r e n t n o n - l i n e a r sys tem fo r each s to rm e v e n t . As Amorocho and Q r l o b 
[ 1 9 6 1 , p 0 4 ] have s t a t e d , " . . . t h e d e g r e e of n o n l i n e a r i t y may be h i g h or 
low i n i n d i v i d u a l b a s i n s and may become more o r less a p p a r e n t a t d i f ­
f e r e n t t i m e s d u r i n g :he h i s t o r y of a h y d r o l o g i c e p i s o d e . " 
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V a r i a t i o n s i n U n i t - H y d r o g r a p h Peak Flows 
T h i s s t u d y p a r t i a l l y s u b s t a n t i a t e s t h e f i n d i n g s of e a r l i e r s t u d -
i e s [ M i n s h a l l , 1960; S i n g n 0 1964 | P r a s a d , 1967] t h a t have l i n k e d u n i t -
h y d r o g r a p h peak f lows t c r a i n f a l l i n t e n s i t i e s . Average u n i t - h y d r o g r a p h 
peak f lows a r e shown so increase w i s h i n c r e a s e s i n a v e r a g e s torm r a i n f a l l 
I n t e n s i t i e s on two of t h e w a t e r s h e d s s t u d i e d . The p o s s i b i l i t y t h a t a 
r e l a t i o n s h i p e x i s t s be tween i n d i v i d u a l s t o rm p e r i o d i n t e n s i t i e s and u n i t 
r e s p o n s e s shou ld no t be i g n o r e d a l t h o u g h t h i s model f a i l e d t o r e v e a l such 
a r e l a t i o n s h i p . 
The _ C ha r a c t e r i s t i c _ F u n ctig n 
The v a r i a b i l i t y cf t h e r e s u l t s and o t h e r p rob l ems e n c o u n t e r e d i n 
t h e a n a l y s i s make i t d i f f i c u l t t o c o n c l u d e how w a t e r s h e d c h a r a c t e r i s t i c s 
i n f l u e n c e t h e model p a r a m e t e r s . However, one c o n c l u s i o n can be made 
abou t t h e c h a r a c t e r i s t i c c u r v e . T h i s s t u d y has shown t h a t t h e c h a r a c t e r ­
i s t i c c u r v e i s no t a r e a s o n a b l e a p p r o x i m a t i o n of t h e t i m e - a r e a cu rve 
which s e v e r a l h y d r o i o g i s t s have r o u t e d t o form h y d r o g r a p h s . Compar i sons 
of c h a r a c t e r i s t i c c u r v e s and t i m e - a r e a c u r v e s r e v e a l t h a t t h e two shapes 
a r e d i f f e r e n t . 
t h e c h a r a c t e r i s t i c f u n c t i o n . The shape of t h e w a t e r s h e d a l o n e , however , 
s u g g e s t e d , t h e c h a r a c t e r i s t i c c u r v e r e p r e s e n t s t h e p o t e n t i a l of t h e 
w a t e r s h e d for r u n o f f p r o d u c t i o n The a r e a and shape of the p o r t i o n of 
t h e w a t e r s h e d which p r o d u c e s r u n o f f may be g r e a t l y d i f f e r e n t from t h e 
p h y s i c a l a r e a and shape of the e n t i r e w a t e r s h e d . T h e r e f o r e , t h e c h a r ­
a c t e r i s t i c c u r v e , which r e p r e s e n t s r u n o f f p r o d u c t i o n , may be d i f f e r e n t 
The w a t e r s h e d t o p o g r a p h y must u n d o u b t e d l y a f f e c t t h e shape of 
canno t d e f i n e t h e c h a r a c t e r i s t i c cu rve o 
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from t h e t i m e - a r e a c u r v e , which r e p r e s e n t s a c t u a l w a t e r s h e d t o p o g r a p h y . 
The Rou t ing F u n c t i o n 
The c o n c e p t of r o u t i n g an a r e a t o c r e a t e t h e u n i t h y d r o g r a p h i s 
shown t o work w e l l on t h e w a t e r s h e d s c o n s i d e r e d 0 The g o o d n e s s of t h e 
f i t s of t h e o b s e r v e d e v e n t s a t t e s t s t h e f l e x i b i l i t y of t h e t e c h n i q u e . 
However, t h e r e i s a p o s s i b i l i t y t h a t for some e v e n t s t h e t e c h ­
n i q u e may be m e r e l y a numer ic s u c c e s s . The t e c h n i q u e may be p r o d u c i n g 
r e s u l t s which c a u s e a good f i t of t h e obse rved h y d r o g r a p h b u t do no t 
c l o s e l y r e f l e c t t h e a c t u a l h y d r o l o g y . 
The r o u t i n g f u n c t i o n shou ld r e f l e c t a c t u a l flow p a t t e r n s . The 
o u t f l o w h y d r a u l i c s , which d e t e r m i n e t h e r o u t i n g f u n c t i o n , must e i t h e r 
d e t e r m i n e t h e s e flow p a t t e r n s o r be a good i n d e x of t h o s e f a c t o r s which 
do d e t e r m i n e t h e flow p a t t e r n s . T h e r e i s r e a s o n t o b e l i e v e t h a t channe l 
h y d r a u l i c s , t h e flow and change i n f low, a r e no t t h e c o n t r o l l i n g f a c t o r s 
i n d e t e r m i n i n g t h e h y d r o g r a p h s h a p e s for sma l l w a t e r s h e d s . For example , 
t h e u n i t r e s p o n s e s fo r t h e P i n e T r e e Branch w a t e r s h e d v a r i e d g r e a t l y for 
some s t o r m s which p roduced r e l a t i v e l y smal l f l o w s . The v a r i a t i o n i n 
r e s p o n s e t h a t cou ld be a t t r i b u t e d t o channe l h y d r a u l i c s cou ld h a r d l y 
a c c o u n t for t h e s e l a r g e o b s e r v e d v a r i a t i o n s . 
I f c h a n n e l h y d r a u l i c s a r e no t t h e c o n t r o l l i n g f a c t o r i n d e t e r m i n ­
ing t h e h y d r o g r a p h v a r i a t i o n s , t h e n one must ask w h e t h e r channe l h y d r a u l i c s 
a r e a good i n d e x t o t h o s e f a c t o r s which do d e t e r m i n e t h e h y d r o g r a p h s h a p e . 
In a w a t e r s h e d t h e r e a r e many f a c t o r s which change d u r i n g a s to rm e v e n t 
and which cou ld a f f e c t t h e h y d r o g r a p h s h a p e . The changes i n t h e s e f a c ­
t o r s may or may no t be c o r r e l a t e d t o t h e o u t f l o w h y d r a u l i c s e For example , 
i f s o i l m o i s t u r e a f f e c t s t h e r e s p o n s e , t h e flow of t h e s t r e a m a t t h e 
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gage migh t s e r v e a s an i n d e x of t h e c h a n g i n g s o i l m o i s t u r e . However, 
t h e r e may be b e t t e r m e a s u r e s of w a t e r s h e d w e t n e s s t h a n f low. F u t u r e 
s t u d i e s should d e t e r m i n e i f t h e r e a r e b e t t e r m e a s u r e s of t h e f a c t o r s 
which c a u s e v a r i a t i o n s in t he w a t e r s h e d r e s p o n s e 0 
The t i m e r a t e of change i n f low, t h e o t h e r h y d r a u l i c measure 
i n t h e r o u t i n g f u n c t i o n , was i n c l u d e d t o r e p r e s e n t u n s t e a d y flow 
e f f e c t s w i t n e s s e d i n n a t u r a l c h a n n e l s [ P r a s a d , 1 9 6 7 ] . Uns teady flow 
e f f e c t s r e f e r t o d i f f e r e n c e s i n t h e s t o r a g e - o u t f l o w r e l a t i o n s h i p for 
t h e r i s i n g and f a l l i n g l i m b s of the h y d r o g r a p h . Uns teady flow e f f e c t s 
a r e p r o b a b l y not s i g n i f i c a n t i n t h e sma l l w a t e r s h e d s of t h i s s t u d y . 
The o p t i m i z i n g t e c h n i q u e g i v e s t h e flow r a t e = o f - c h a n g e c o e f f i c i e n t v a l u e s 
which p o s s i b l y e x a g g e r a t e t h e i m p o r t a n c e of u n s t e a d y flow e f f e c t s i n 
d e t e r m i n i n g u n i t ° h y d r o g r a p h s h a p e s . 
Rec^omme nd a t i o ns 
The p rob l ems and d i f f i c u l t i e s e n c o u n t e r e d i n t h i s s t u d y shou ld 
h e l p f u t u r e i n v e s t i g a t o r s t o p e r f e c t t h e t e c h n i q u e . S e v e r a l of t h e 
p rob l ems i n t h i s s t u d y migh t be e a s i l y so lved„ O t h e r s may r e q u i r e a 
g r e a t d e a l of work. 
V o l u m e t r i c c o n t i n u i t y , t h e p rob lem of d e r i v i n g c h a r a c t e r i s t i c 
c u r v e s and u n i t r e s p o n s e c u r v e s which e n c l o s e an a r e a r e p r e s e n t i n g t h e 
w a t e r s h e d a r e a - i n c h of r u n o f f , can be p e r f e c t e d by c o n s t r a i n i n g t h e 
mode l . Angle p o i n t s of t h e c h a r a c t e r i s t i c cu rve a r e a l r e a d y con­
s t r a i n e d t o have o n l y p o s i t i v e v a l u e s by a s u b r o u t i n e i n t h e computer 
p rog ram. I t would no t be d i f f i c u l t t o f u r t h e r l i m i t t h e m o d e l . The 
g r e a t e s t advance toward p r e s e r v i n g volume c o n t i n u i t y would be t o l i m i t 
61 
t h e v a l u e of t h e s t o r a g e c o e f f i c i e n t t o r a t i o n a l v a l u e s 0 L i m i t i n g t h e 
s t o r a g e c o e f f i c i e n t t o be a p o s i t i v e number l e s s t h a n 100 t i m e u n i t s i s 
a c o n s t a n t which shou ld be i n v e s t i g a t e d . 
For a g r e a t number of e v e n t s s t a b l e v a l u e s of t h e a n a l y s i s 
p a r a m e t e r s were n e v e r o b t a i n e d . Almost h a l f of t h e e v e n t s were non-
c o n v e r g e n t . The h i g h i n c i d e n c e of n o n - c o n v e r g e n c e may i n d i c a t e t h a t 
t h e o p t i m i z i n g t e c h n i q u e i s no t o p e r a t i n g a s e f f i c i e n t l y a s i t should 
fo r t h i s mode l . Even though t h e e a r l i e r s t u d y w i t h t h i s model encoun­
t e r e d no problem of n o n - c o n v e r g e n c e , t h e h i g h i n c i d e n c e of n o n - c o n v e r ­
gence i n t h i s s t u d y i s a cause fo r c o n c e r n . F u t u r e u s e r s of t h i s 
method of h y d r o g r a p h a n a l y s i s shou ld be aware of t h i s p rob lem and a l e r t 
t o f ind s p e c i f i c a l l y what c a u s e s poor c o n v e r g e n c e of t h e a n a l y s i s pa ram­
e t e r s . 
A P P E N D I C E S 
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APPENDIX A 
THE TIME-AREA CURVE 
I d e a l l y , t h e t i m e - a r e a c u r v e i s d e r i v e d from i n f o r m a t i o n abou t 
t h e a c t u a l t i m e s of flow of r u n o f f t o t h e gage ::rom each a r e a of t h e 
w a t e r s h e d . Times of flow a r e e i t h e r computed d i r e c t l y from measured 
s t r e a m v e l o c i t i e s or computed from v e l o c i t i e s e s t i m a t e d from c o n s i d e r a ­
t i o n s of channe l and s u r f a c e c h a r a c t e r i s t i c s . 
U n f o r t u n a t e l y , t h e v e l o c i t i e s of flow wi tu . in t h e w a t e r s h e d s were 
not known. F u r t h e r m o r e , d e t a i l e d i n f o r m a t i o n abou t channe l r o u g h n e s s 
and waterway geome t ry was a l s o u n a v a i l a b l e . Lack of f i rm knowledge of 
t h e flow v e l o c i t i e s made r i g o r o u s d e t e r m i n a t i o n of t h e t i m e - a r e a d i a g r a m 
i m p o s s i b l e . 
Another a p p r o a c h t o d e f i n i n g t h e t i m e - a r e a c u r v e i s t o assume 
t h e v e l o c i t y of flow c o n s t a n t fo r t h e e n t i r e l e n g t h of t h e s t r e a m . T h i s 
i s a r e a s o n a b l e a s s u m p t i o n and ha s been used by a t l e a s t one h y d r o l o g i s t 
[ § _ J l _ b 1 9 6 4 ] . T h i s a s s u m p t i o n i s based upon t h e p r e m i s e t h a t t h e f a c t o r s 
which d e t e r m i n e flow v e l o c i t y v a r y a long t h e s t r e a m l e n g t h i n such a way 
t h a t t h e r e s u l t a n t v e l o c i t y i s f a i r l y un i fo rm fo r a i l p o i n t s a long t h e 
s t r e a m . The s t e e p e r g r a d i e n t s and t h e g r e a t e r h y d r a u l i c r o u g h n e s s of 
t h e c h a n n e l s i n t h e more remote p o r t i o n s of t h e w a t e r s h e d p roduce r o u g h l y 
b a l a n c e d , o p p o s i t e e f f e c t s . C o n s e q u e n t l y , t h e flow v e l o c i t i e s i n t h e 
upper r e a c h e s of t h e s t r eams a r e no t great .y d i f f e r e n t from t h e v e l o c i ­
t i e s i n r e a c h e s c „ o s e r t o t h e g a g e . 
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The c h a n n e l s of t h e w a t e r s h e d s of t h i s s t u d y were assumed t o 
have a c o n s t a n t v e l o c i t y of flow t h r o u g h o u t t h e i r l e n g t h s . T h i s assump­
t i o n g r e a t l y a i d e d t h e c o m p u t a t i o n of t h e t i m e - a r e a d i a g r a m s . 
By assuming t h a t w a t e r f lows a t t h e same v e l o c i t y a t a l l p o i n t s 
a long t h e s t r e a m s , t h e d e t e r m i n a t i o n of t i m e s of t r a v e l i s based s imply 
upon d i s t a n c e s from t h e gage t o p o i n t s a long t h e s t r e a m . However, t h e r e 
i s s t i l l a p rob lem i n d e f i n i n g t h e t i m e s c a l e of t h e t i m e - a r e a c u r v e . 
By assuming v e l o c i t y t o be un i form a long t h e s t r e a m , one has c r e a t e d 
a d i s t a n c e - a r e a h i s t o g r a m , bu t a knowledge of s t r e a m v e l o c i t y i s s t i l l 
needed t o c o n v e r t t h e d i s t a n c e - a r e a d i a g r a m t o a t i m e - a r e a d i a g r a m . The 
l a c k of p r e c i s e v e l o c i t y i n f o r m a t i o n , t h a t p r e v e n t e d a r i g o r o u s d e t e r ­
m i n a t i o n of d i s c r e t e t i m e s of t r a v e l , a l s o p r e v e n t e d t h e d e t e r m i n a t i o n 
of any a v e r a g e t ime of t r a v e l o r t o t a l t r a v e l t i m e . F u r t h e r m o r e , 
e m p i r i c a l metnods of e s t i m a t i n g t h e t o t a l t r a v e l t i m e , o r t i m e of c o n -
c e n t r a t i o n 9 such as„ 
assume l i n e a r i t y of r e s p o n s e and a r e c o n s e q u e n t l y no t a p p l i c a b l e . 
The method chosen t o d e f i n e t h e t ime b a s e of t h e t i m e - a r e a 
cu rve p r e s u p p o s e s t h a t t h e t i m e - a r e a cu rve i s s i m i l a r t o t h e c h a r a c ­
t e r i s t i c c u r v e . The t ime b a s e of t h e t i m e - a r e a c u r v e was s e t so t h a t 
t h e f i r s t moment of t h e t i m e - a r e a c u r v e I s equa^ t o t h e f i r s t moment 
of t h e c h a r a c t e r i s t i c c u r v e . In o t h e r words , t h e t i m e - a r e a c u r v e was 
s c a l e d i n t ime so t h a t t h e t i m e s t o t h e c e n t r o i d s of t h e t i m e - a r e a 
cu rve and c h a r a c t e r i s t i c c u r v e a r e t h e same. Though no t c o m p l e t e l y 
j u s t i f i a b l e , t h i s p r o c e d u r e d o e s o f f e r a means of compar ing s h a p e s of 
t h e two c u r v e s . 
APPENDIX B 
ROUTING COEFFICIENTS AND CORRELATION 
COEFFICIENTS FOR EACH STORM 
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T a b l e 4 . Va lues of t h e R o u t i n g C o e f f i c i e n t fo r 
Each S t o r m P e r i o d 
Watershed 
Date 
Storm P e r i o d 
White Hollow 
1 1 - 2 5 - 6 4 
R o u t i n g 
C o e f f i c i e n t 
K t i n hou r s , 
Watershed 
Da t e 
S torm P e r i o d 
Rou t ing 
C o e f f i c i e n t 
K ( i n h o u r s ) 
Whi te Hollow ( c o n t . ) 









1 7 o 0 8 
18 .95 
2 0 . 7 3 











12 -11 -64 
30 .09 
31 .34 
4 0 . 3 5 
7 2 . 4 9 
1 0 4 . 1 8 
237O86 
5 7 ^ . 5 8 
5 9 9 . 0 5 
4 8 7 . 5 1 
3 7 2 . 2 8 
3 8 1 . 0 8 
DO 74 
















4 . 4 4 
5 .94 
5 . 5 2 
7 , 7 2 
5 .90 
8 .78 
1 8 . 4 8 
5 1 . 5 4 
4 8 . 8 6 
=90.36 
6 2 . 8 4 
19 .14 
11 .72 









2 0 . 8 2 
2 0 . 4 o 
27 3 75 
. 58 .56 
29o30 
. 30 .89 
Bear Creek SF-1 




4 . 0 4 
4 . 2 0 
C o n t i n u e d ) 
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T a b l e 4. Va lues of t h e R o u t i n g C o e f f i c i e n t fo r 
Each Storm P e r i o d (Con t inued) 
Watershed 
Date 
Storm P e r i o d 
Rou t ing 
C o e f f i c i e n t 
K ( i n h o u r s . 
Watershed 
Date 
Storm P e r i o d 
Rou t ing 
C o e f f i c i e n t 
K ( i n h o u r s ) 
Bear Creek SF-1 
2=10-65 ( c o n t . ) 
Bear Creek SF-1 























































































T a b l e 4 . Values of t h e R o u t i n g C o e f f i c i e n t fo r 
Each S torm P e r i o d (Con t inued ) 
Watershed 
Date 
Storm P e r i o d 
Rou t ing 
C o e f f i c i e n t 
K ( i n h o u r s ) 
Watershed 
Da te 
Storm P e r i o d 
Rout ing 
C o e f f i c i e n t 
K ( i n h o u r s ) 
Bear Creek SF-1 
3=25-64 ( c o n t . 
Bear Creek 
3 -25-64 
S F - 2 
16 13 ,87 7 4 . 8 6 
17 13*67 8 3 .68 
18 13 .47 9 2 .99 
19 16 ,14 10 3 .12 
20 16 .14 11 6 .60 
21 16ol4 12 33 .57 
22 1 6,14 13 12 .74 
23 1 6 . 1 4 14 7 . 4 5 
24 16 .14 15 7 . 2 0 
25 1 3 . 2 8 16 2 .34 
26 " ' .70 17 2 .27 
27 7 . 4 0 18 1.75 
28 7 . 1 1 
29 6 .85 
30 4 . 5 9 3 -14-64 
31 2 .49 
32 2 .34 I 4 . 5 9 
33 3 .27 2 4 . 7 5 
34 4 0 7 4 3 4 . 6 8 
35 9 . 2 0 4 4 . 7 3 
36 4 1 . 3 0 5 4 . 8 0 
37 24 .90 6 4 . 8 6 
38 5 4 . 9 9 7 4 . 9 2 
39 20 .59 8 5 .00 
40 1 4 . 5 3 9 5 .12 
41 10 .96 10 5 . 0 7 
42 13 .20 11 5 .06 
12 
1 T 
5 . 0 2 
A QA 
Bear Creek SF-2 
1 O 
14 4 . 9 9 
3 -25 -64 15 5 .01 
.6 5 . 1 2 
1 LH . 5 2 • *7 5 .55 
2 11 .60 18 6 .00 
3 12 .59 19 9 . 9 8 







2 9 . 3 5 
3 3 . 9 6 
{Con t inued) 
T a b l e 4 . Va lues of t h e R o u t i n g C o e f f i c i e n t fo r 
Each Storm P e r i o d (Con t inued) 
Watershed R o u t i n g Watershed Rou t ing 
Da te C o e f f i c i e n t Da te C o e f f i c i e n t 
Storm P e r i o d K ( i n h o u r s ) Storm P e r i o d K ( i n h o u r s ) 
Bear Creek SF-2 ( c o n t . ) Bear Creek SF-2 
2 -10 -65 4 - 7 - 6 4 
1 5 .16 5 2 .45 
2 4 . 3 7 6 2 .55 
3 4 . 8 7 7 2 .61 
4 5 . 0 3 8 2 .79 
5 4 . 2 4 9 2 .96 
6 4 . 6 9 10 3 .08 
7 7 . 5 3 11 3 .50 
8 35 .14 12 3 .80 
9 - 4 4 . 6 9 13 6 . 5 3 
10 - 1 4 . 3 2 14 6 .20 
11 - 1 0 . 2 1 15 8 .70 
12 - 9 o l 0 16 - 4 3 . 1 2 
13 - 1 0 . 8 4 
14 - 8 8 . 9 7 
15 - 9 . 5 4 P i n e T r e e Branch 
16 7 9 . 6 4 1 0 - 2 7 - 6 4 
17 22 .81 
18 15 .74 1 5 . 5 8 
19 1 2 . 9 2 2 3 .94 
20 11 .09 3 3 .96 
21 1 0 . 0 5 4 2 .65 
22 9 .36 
23 8 .79 
24 8 .23 3 - 8 - 6 0 
25 7 . 4 1 
26 6 .86 
27 6 .86 1 5 .91 
28 5 . 8 4 2 9 .02 
29 5o94 3 8 . 0 3 
30 9 . 3 3 4 8 .41 
5 3 7 . 1 8 
6 - 2 5 . 8 9 
4 - 7 - 6 4 
1 2o20 4 - 1 0 - 6 2 
2 2 .42 
3 2„ 35 1 3 .07 
4 2 . 4 2 2 1.73 
( C o n t i n u e d ) 
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T a b l e 4 . V a l u e s o f t h e R o u t i n g C o e f f i c i e n t f o r 
E a c h S t o r m P e r i o d ( C o n t i n u e d ) 
W a t e r s h e d R o u t i n g 
D a t e C o e f f i c i e n t 
S t o r m P e r i o d K ( i n h o u r s ] 
P i n e T r e e B r a n c h 
4 - 1 0 - 6 2 ( c o n t . ) 
3 1.95 
4 2 .31 
5 2o23 




1 6 .20 
2 6o78 
3 6o63 
4 6 . 7 8 
5 7o20 
6 7o35 
7 8 .90 
8 9 . 3 8 
9 1 1 , 7 3 
10 1 0 . 7 7 
11 9 .67 
4 - 1 5 - 5 8 
1 5 .66 
2 8 .57 
3 9 . 0 2 
4 10 .70 
5 1 3 . 4 3 
6 1 6 . 0 8 
7 1 8 . 8 3 
8 3 1 . 6 3 
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T a b l e 5 . C o r r e l a t i o n C o e f f i c i e n t s 
Watershed Date of S to rm C o r r e l a t i o n C o e f f i c i e n t 
White Hollow 11-25-64 
12 -11-64 
3 - 8 - 5 6 
1 2 - 7 - 5 7 
0 . 9 9 8 





2 - 1 0 - 6 5 
2 -11 -65 
4 - 7 -64 
3 -25 -64 
0 .986 







2 -10 -65 




P i n e Tree 
Branch 
10 -27 -64 
3 - 8 - 6 0 
4 - 1 0 - 6 2 
1 1 - 1 7 - 5 8 
4 - 1 5 - 5 8 
0 . 9 9 3 
0 .907 
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